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Abstrsrit 


The  levs  establirtied  b^  Davies  b-aI  Taylor  (1950)  for  the  rise  of  air 
bubbles  in  liqcd.d  have  been  sodifled  to  a^ly  to  buoyant  air  bubbles  in  air. 
In  additional  a sijqple  law  for  the  erosion  of  these  buoyszi*  air  bubbles  has 
been  proposed.  An  srosion  paraoeteri  E,  is  derived  in  tems  of  these  laws 
wfaioh,  if  they  are  valid,  should  be  constant  for  all  isolated  bubbles.  The 
erosion  constant  has  been  expressed  in  terns  of  the  bubble's  iqward  velocibr 
and  aec'^eration  and  its  buoyancy.  The  theory  is  thus  subject  to  test  in 
the  case  of  cwolus  towers  b7  sinple  neasureBents  from  tias-lcqpse  motion  pic- 
tures and  an  environasnt  teiqwrature  sounding. 

Observations  of  eleven  relatively  Isolated  cuwolus  bubbles  selected  flrom 
both  trade-wind  region  and  middle  lati^^ies  show  that  £ is  indeed  constant 
within  the  limits  of  measurement.  A ease  of  the  aggregation  of  several  small 
bubbles  into  a larger  one  is  also  studied,  and  Uie  applicability  to  it  of 
the  samiit  erosion  and  drag  laws  established.  The  interaction  of  babbles  with 
one  another  and  with  the  envirozneut  to  form  large  cumulus  clouds  is  dis- 
cussed qualitatively. 
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I.  IBTROrocnOM 

nie  first  qo&utltatlTe  aiodel  of  caBulus  cloud  growth  was  the  so-called 
"parcel  aethod”,  idiich  predicted  accelerations,  Te2.oclties,  lapse  rates 
within,  and  lewels  attained  I17  conrectl-re  elenents  frcs  the  external  sounds 
ixig  and  a ttier*^vJ/uMiEic  disgxaa.  The  parcel  was  assnaed  not  to  interact 
in  mof  waj  with  the  surrounding  air.  When  at  the  tiae  of  Vorld  War  II  ob- 
servations of  individual  cnralus  clouds  becaoM  available,  it  was  xeeognised 
that  the  parcel  asthod  was  seriously  inadequate  due  to  this  assiwqjtion  of 
non-interaction  and  that  on  a given  dqr,  the  najority  of  cunull  tendnated 
far  below  the  level  predicted  from  parcel  considerations.  Porthezmore, 
airplane  aeasuraMnbs  revealed  that  the  lapse  rats  within  clouds  was  gen- 
erally steeper  than  moist  adiabatic  and  fluctuating*  while  liquid  water 
contents  usually  Ibll  far  below  that  anticipated. 

As  a eonseqnenee  of  these  observations,  the  next  Important  step  in  cu- 
mulus study  was  taken  by  Stomsel  (19U7),  who  proposed  that  a cloud  in  its 
ascent  was  continually  miying  «ith  the  drier  air  of  its  snrrotmdlngs.  He 
devised  a thensodynaaic  method  to  calculate  the  amount  of  this  mixing  or 
"entrainaent"  from  soundings  made  nearly  simultaneously  within  mad  outside 
a cloud.  In  so  doing  he  proposed  an  analogy  between  a cwulus  and  a Jet 
of  fluid  injected  into  a resting  environment.  He  dealt  with  a rising  col- 
umn idilch  was  in  a steady  state  and  which  was  internally  well  mixed  or 
homogeneous.  rogvIb  baseu  on  eubjfalijBaut  navs  oesn  extended  by  cthi>rs 
(their  woz4c  is  reviewed  by  Malkus,  19^2a)  and  have  shed  light  on  many  im- 
portant features  of  ezanilus  clouds,  such  as  thejr  failure  to  reach  parcel 
hellos,  their  slopes  and  asymoastrias  in  a shearing  wind  field,  and  their 
transports  of  heat,  moisture,  and  momentum. 
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Usefol  as  the  entrainisent  model  has  been,  however,  it  too  fails  to  ijlve 
inforaatlon  beyond  a certain  points  The  analogy  between  a fluid  hose  injected 
into  a resting  taidcfol  of  water  and  a ctsaulus  suet  not  be  pushed  too  far.  It 
is  well  known  that  ccsrective  "Jets*  in  the  atnosphere  are  self-initiating 
and  8elf*4UdjTbaining,  and  that  they  grow  from  rest  and  eventually  decay.  The 
entraiimnt  aod^,  since  it  has  so  far  been  concerned  with  steady  drafts, 
has  been  unable  to  inquire  about  the  tine  dependence  or  life  cycle  of  a cloud, 
Torthexnore,  the  actual  nechanism  by  idiich  entrainment  occurs  has  been  delib- 
erately cireonrented  by  the  use  of  a homogeneous  draft  discontinuously  dis- 
tinet  from  the  surroundings,  and  only  the  effects  of  miring  have  been  con- 
sidered. It  has  besa  tacitly  assumed  that  eddying  or  turbulence  plsys  an 
Important  role  in  entrainment,  though  a considerable  amount  of  rather  xmipro- 
ductive  argumentation  has  «>ne  on  concerning  how  much  of  the  Influx  may  be 
ordered  convergence. 

Recently,  a model  of  cumulus  was  suggested  by  Scorer  and  Ludlam  (19^3) 
which,  if  quantitatively  establlshable,  suiaounts  the  foregoing  difficulties, 
simultaneously  introducing  time  dspendonce  and  providing  a mechanism  for  the 
entrainment  process.  The  new  model  envisages  a cumulus  as  an  aggregate  of 
buoyant  babbles  of  saturated  air,  iddch  Interact  both  tei^>orally  and  spa- 
tially. The  buoyancy  of  an  individual  bubble  is  nearly  balanced  by  the  drag 
caused  by  the  deflection  and  flow  of  outside  air  around  the  ^herical  cap, 
so  that  its  velocity  of  ascent  is  prevented  from  approaching  aryidiere  nearly 
that  of  the  f jly  accelerating  parcel.  The  model  envisages  that  the  babble 
continuously  sheds  its  outer  skin  as  it  rises,  while  maintaining  the  quasi- 
spherlcal  shape  of  its  tq>per  surface,  until  finally  its  life  ends  when  it 
has  been  coBid.etely  wasted  away  by  erosion. 
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3ahlnd  the  flattened  bubble  cap  is  formed  a turbulent  vake,  idilch  is  com- 
posed of  a mixture  of  the  saturated  air  shed  from  the  bubble  and  air  from  the 
surroundings  idiich  has  been  Incorporated  into  the  wake.  The  eddy  stresses 
within  the  wake  transform  the  potential  energy  xmleased  by  the  babble's  as- 
cent into  turbulent  energy  in  the  air  behind  it.  The  wake  thus  consists  of 
rough,  slowly  ascending  buoyant  air  with  properties  someidiere  between  those 
of  the  undiluted  bubble  cap  and  those  of  the  surroundings.  It  thus  consti- 
tutes a preferred  region  for  the  ascent  of  succeeding  bubbles,  protecting 
then  from  erosion  by  the  environment. 

The  model  further  byiwthesises  that  large  cloud  bubbles  (see  Ludlam  and 
Scorer,  1953)  are  formed  by  the  aggregation  of  smaller  ones  and  their  wakes, 
and  that  a cloud  that  penetrates  to  great  heights  generally  does  so  hy  the 
successive  release  of  single  bubbles.  These  emerge  beyond  the  region  of  pro-- 
tection  by  surrounding  cloud  mass  as  Isolated  towers.  The  initial  formation 
and  maintenance  of  a cumulus  may  occur  in  different  ways,  depending  on  loca- 
tion, and  external  conditions.  A succession  of  bubbles  may  enter  through 
cloud  base,  originating  from  thermals  in  the  subcloud  Isyer,  or  the  cloud- 
scale  bubbles  may  form  entirely  within  the  cloud  layer,  usually  at  a^y  level 
up  to  that  where  the  envirozaaent  lapse  rate  becomes  more  stable  than  moist 
adiabatic,  called  the  Hectosic  limit ly  Scorer  and  Ludlam  (1953). 

Eax^  features  of  this  model  are  supported  qualitatively  by  observations 
already  iMtiatlngj  aanng  these  is  the  growth  of  large  cumuli  by  succs&slve 
tower  production  (Byers  and  Battan,  191*9),  the  aggregation  of  smaller  cloud 
elements  to  form  larger  ones  (Malkus,  1953),  end  others  such  as  the  rounded 
tops  of  growing  cmanli  which  are  common  visual  observations. 
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Vorhaps  the  most  promising  feature  of  the  bubble  model  is,  hoverer,  that 
it  points  to  the  unit  or  "proton*  of  convection,  the  mechanics  and  life  cycle 
of  which  mEQT  possibly  be  described  analytically.  If  so,  the  way  is  paved 
for  building  iq>  a cumulns  by  * series  of  interacting  bubbles.  The  primary 
purpose  of  this  paper  is  to  formulate  the  laws  governing  the  rise  and  ero- 
sion of  a single,  non-interacting  saturated  bubble  and  to  test  these  by  ob- 
servations Ttpon  isolated  cumulus  towers.  It  is  assumed  here  that  the  ero- 
sion of  individual  isolated  bubbles  depends  sliq>ly  on  a few  parameters  and 
is  independent  of  properties  of  the  enviromenb  other  than  lapse  rate.  The 
role  of  the  environment  is  held  critical  in  the  interaction  of  bubbles  to 
constitute  a cloud.  Preliminary  steps  toward  the  aggregation  of  sauUer  bub- 
bles into  larger  ones  are  taken  in  the  later  sections. 

n.  IBS  THEORETICiL  lOKL 

a.  A Differential  Bquatlon  for  the  Bate  of  Else  of  Cumulus  Dibbles 

Based  on  the  work  of  Davies  and  Taylor  (19^0),  vho  studied  the  rlso  of 
air  bubbles  in  liquid,  a differential  equation  for  vertical  velocity  as  a 
function  of  time  is  derived  which  msy  be  shown  applicable  to  isolated  cloudy 
bidbbles.  Davies  and  Taylor  investigated,  both  theoretlca].lj  and  experimen- 
tally, bubbles  of  total  angular  aperture  (26^  in  Fig.  19)  ranging  from  about 
70^-120°.  They  showed  that  the  i^qper  surf  sices  of  these  bibbles  were  spheri- 
eid  to  a very  high  degree  of  approoclmatlon  and  that  the  flow  aroimd  these 
siberical  caps  was,  within  small  experimental  error,  the  same  as  potential 
flow  around  a q>here.  The  velocity  derived  ffom  the  appropriate  potential 
function  was  fouzxl  to  agree  with  the  measured  constsmt  velocities  of  the 


babbles'  ascent.  Each  babble  was  found  also  to  retain  its  shape  and  spherical 
snrfau^e  throoghout  its  rise. 

The  condition  that  a spherical  shape  be  an  equilibrium  configuration  for 
a rising  bubble  is  that  the  total  pressure  be  constant  along  the  curved  sur- 
face. The  aodel  of  Davies  and  Tajlor  is  illustrated  in  Fig.  1.  The  fraee 
of  reference  is  shifted  so  that  the  bubble  is  held  at  rest  and  the  air  has  a 

free  stress  Telocity  Vq  past  the  bubble,  ehere  ub  is  its  constant  aaoeat 

1 2 

spend.  At  the  stagnation  point,  0,  the  dTnanie  pressure  viat  be  ex- 

actly balanced  by  the  difference  in  static  pressure  exerted  by  the  coluan 
within  the  bifi>blB  beneath  0 and  that  by  an  equivalent  outside  colnan,  i.e. 
the  buoyancy  and  drag  are  equal.  This  balance  maintains  at  every  point  along 
the  curve  B If 


idiere  the  left  side  represents  the  decrease  in  static  pressure  tvom  0 to  soy 

point  A at  an  angle  6 and  the  right  side  represents  the  decrease  in  (dynamic 

2 2 

pressure.  The  quantity  in  the  parenthesis,  Vq  9/k  sin  9,  is  the  square  of 
the  velocity  at  A,  derived  from  the  potential  function  for  a s^diere  at  rest 
in  a fluid  vrith  undistuzbed  velocity  Wq*  Th®  acceleration  of  gravity  is  de- 
noted by  g and  the  buoyancy  of  the  bubble  by  B,  idiere  B = /^-  P-J P \ P\  is 
the  bubble  density  and  P that  of  the  surroimdings. 

Eeferring  again  to  Figure  1,  we  see  that 

X*  = X cos  0 * R cos  0 (1  - cos  0)  (2] 


aiiid  therefore 
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9 sin^  0 

gBB  = 

6 cos  0 (1  - cos  0) 


£oi'  snail  9 


(3) 


The  approximation  for  aaall  0 holds  within  10j(  if  9 is  as  lax^  aa  30°. 
nallgr  «•  hard 

wb  =•  “ (gm)* 

3 


FL- 


ik) 


This  is  tte  relation  checked  experimentally  tqr  Bafies  and  Taylor  (19^0)  when 
1.  The  fact  that  the  measured  and  the  calculated  using  the  measured 
R agreed  so  well  indicated  the  validity  of  the  assuiQ)tion  of  potential  floe 
around  the  cap. 

Equation  (3)  asy  be  rewritten 

9 2 

gB  » — V (5) 

llB 


irtiich  shows  the  balance  of  forces  per  unit  mass  achieved  idien  the  bubble  has 
its  limiting  or  equilibrim  velocity  w^.  The  left-hand  term  gB  is  the  buoy- 
ancy force  per  unit  mass  and  the  right-hand  term  is  the  drag  force  per  unit 
luiss,  this  force  being  c&i-led  pressure  or  form  drag  by  hydroc^jmaaicisvs. 

Since  the  mass  of  the  bubble  is  proportional  to  R^^  the  form  drag  force  on 

2 

the  bubble  is  proportional  to  R or  to  its  surface  area,  as  expected. 

— PpXiS«  gill  tig  a cji>»  KttK'KT  m w a 

the  case  of  the  atoadc  bomb  doad.  He  shoved  that  the  Boasured  rate  of  rise 
of  the  cloud  was  very  nearly  equal  to  that  calculated  using  equation  (U) 
treating  the  brbble  as  one  of  zero  density  with  an  equivalent  radius  equal 
to  that  at  which  relation  between  bubble  density 
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and  of  the  enviroment  he  found  from  other  considerations  InTDl-ring  the 
b<mi>.  JLn  atonic  borit)  cloud  shovn  side  bj  side  with  a single  trade  cunulue 
bubble  is  depicted  in  Figure  2.  In  modifying  Tsjlor’s  results  to  constroot 
a nodel  for  isolated  oobuIus  bubbles,  the  foUowiitg  basic  assunpticns  are 
en|)l076dt  first,  that  caps  (cloud  tower  tops)  are  quasi- sjAierical  and 
second  that  the  actual  rate  of  rise,  w,  departs  not  too  widely  from  so 
that  the  sans  dzag  law  will  be  applicable.  In  this  case,  the  forces  are 
not  quite  balanced  and  an  acceleration  tem  is  introduced  so  that  we  have  a 
differential  equation  for  w as  a function  of  tine,  nsnhly 


where  the  acceleration  is  now  set  equal  to  the  sun  of  the  forces  per  unit 
mass,  these  being  buoyancy  and  fom  drag. 

The  model  for  a cumulus  tower  is  xiot  yet  cooplete,  however,  for  in 
general  R is  not  constant  as  in  the  case  of  Davies  and  Taylor,  but  is  de- 
creasing with  tine  due  to  erosion.  This  decz^ase  in  slse,  in  fact,  is  en- 
visaged as  the  reason  for  introduction  of  the  acceleration  tern  in  the  at- 
nospherlo  case.  The  bobbles  are  supposed  to  retain  their  shape  as  they 
erode  and  maintain  a nearly  constant  aperture,  the  decrease  in  mass  being 
reflected  in  a decreasing  R.  As  R decreases,  w^,  the  limiting  velocity, 
also  decreases  according  to  (U),  so  that  the  actual  clcady  babble  is  always 
rising  slightly  faster  than  w^  and  decelerating.  The  major  new  assunpticn 
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of  the  present  pijper  is  the  Introduction  of  an  erosion  Inr,  or  a functional 
dependence  of  R xijyjn  t. 


b.  The  Erosion  of  a Bubble 


The  ph^siesC!.  neehanlSB  of  erosion  is  envisaged  as  fellows:  The  surface 

of  the  bubble  cap  represents  an  unstable  interface  between  two  fluids.  Slad.- 
larlj  in  the  case  idiere  water  is  poured  on  the  top  of  kerosene,  the  insta- 
bili'^  will  attempt  to  relieve  itself  b7  the  growth  of  prottiberanees  upward 
from  the  lighter  fluid  through  the  interface.  In  the  case  of  the  doud,  these 
give  the  tower  a knobbly  or  cauliflower-like  appearance  siqwrposed  tqpon  the 
spherical  cap.  The  prottiberanees  will  mix  with  the  environaent  and  by  dilu^ 
tion  and  evaporation  become  more  dense  than  the  tower.  They  will  thus  sink 
relative  to  the  cap  and  be  swept  back  by  the  airiiient  flow  and  incoxporated 
into  the  wake.  The  bubble  cap  is  thus  l^pothesized  to  retain  its  ships  and 
bubbles  of  all  sises  are  asstaead  geometrically  similar.  If  this  hypothesis 
is  valid,  it  mqr  be  possible  to  set  forward  an  erosion  law  which  holds  for 
all  isolated  bubbles.  An  extremely  simple  erosion  law  is  tested  here.  The 
rate  of  erosion  of  voIum  is  hypothesized  to  depend  only  upon  the  surface 
area  and  the  buoyancy  which  is  responsible  for  the  erosion,  namely 


^ 3SR‘gB 

dt 


where  the  constant  of  proportionality  is  called  3E,  or 


dR 

— = - EgB 
dt 


(8) 
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and  ve  Kish  to  detensine  Khether  E,  a neasure  of  the  rate  of  erosion,  is  the 
sane  for  all  babbles.  We  can  expect  E tc  be  a con^^tant  only  for  babbles  ris- 
ing into  andistaxbed  sarroandlngs,  bat  it  is  Jast  such  bubbles  that  are  nost 
readily  obserrsd  as  rising  canmlus  towers. 

The  bqplleations  of  the  introduction  of  so  sinple  an  erosion  law  Kost 
indeed  be  exawined.  It  should  especially  be  inquired  idiy  w to  sone  power 
was  not  e^qplicitly  included,  for  its  owLssion  carries  the  inference  that  for 
the  range  of  Telocltles  possessed  by  conTseti-re  babbles,  the  erosion  should 
be  quite  independent  of  the  flow  around  the  babble  and  depend  only  Tq)on 
buoyancy  and  surface  area.  Although  a wore  general  law  for  erosion  is  dls- 
eussed  in  Appendix  1,  the  slaqde  one  of  equation  (7)  nay  be  subjected  to 
observational  test.  Since  the  validity  of  the  erosion  law  is  the  crux  of 
the  developaent  in  this  paper,  the  najor  part  of  the  observational  section 
is  directed  towards  its  testing  in  actual  eases. 

In  order  to  nake  these  tests,  the  erosion  law  of  equations  (7)  and  (8) 
is  to  be  coBblned  with  the  equation  of  notion,  eqxiation  (6) . If  we  consider 
eqxiation  (C)  under  conditions  of  constant  buoyancy,  as  idien  the  external 
lapse  rate  is  close  to  the  wet  adiabatic,  then 

R o - EgBt  (9) 

if  we  take  t » 0 at  the  noment  of  exhaustion  of  the  btibble  and  negative  t 
eveiyidiere  before  that  wg  its  irise.  Then  after  substituting  (9)  for  R 
equation  (6)  becomes 

dw  9 

— + 

dt  (-t) 


w^  = gB 


(10) 
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This  equation  Is  a non-linear  differential,  eqoation  of  the  Riocatl-type.  It 
is  not  readilj  Integrated  (see  Ince,  19U4,  p,  23)  but  Ma7  be  easily  trans" 
foxved  into  a linear,  second-order  equation  ulth  non-constant  coefficients, 
idilch  is  also  not  readily  Integrated.  This,  howeTsr,  does  not  constitute  a 
serious  nisfortune.  Squation  (ID)  nay  b<*  readily  solved  for  E,  gieing 


3 X (-t)*  gB  (1  - VgB)^ 
- s 0 = — 5 

2 V 


(11) 


idiere  henceforth  dm/fit  sill  be  vritten  ii.  Since  the  purpose  of  this  analysis 
is  to  test  whether  the  eoad)ined  force  and  erosion  lass  are  valid,  that  is 
idiether  E is  constant  for  all  isolated  doud  babbles,  the  equation  sill  be 
used  for  the  present  in  the  form  (11).  It  is  noteworthy  that  this  equation 
provides  an  eutlaate  of  E fron  the  nost  easily  observable  quantities,  vis. 
the  height  of  the  babble  as  a function  of  tine  and  the  buoyancy.  It  does  not 
Involve  a neasorasient  of  R idiich,  at  this  stage,  ve  do  not  know  how  to  mea- 
sure precisely  and  is  usually  difficult  to  estinate  because  of  the  knobbly 
appearance  of  cxnnilus  tower  tops.  Also  (9)  will  provide  an  estimate  of  R 
which  must  be  consistent  with  observation  if  the  theory  is  valid. 

In  general,  the  buoyancy  of  a satinrated  cumulus  bubble  will  not  be  con- 
stant, since  the  environment  lapse  rate  usually  differs  from  sjolst  adiabatic. 
The  effects  of  buoyancy  variations  will  be  investigated  in  general  in  Appen- 
dix I.  Therv  it  is  wioifn  that  if  such  variations  in  gB  are  slow,  equation 
(11)  is  still  ai^licable  using  the  variable  values  of  buoyancy.  This  result 
maj  be  established  very  simply  in  one  special  case,  namely  if  the  buoyancy 
variation  mqr  be  expressed  by  a funcrtlon  of  the  foxs 
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B =*  B^e 


c<t 


(12) 


Thus  from  (6) 


H = EgBo^f'^  (1  - e°^*) 


(13) 


and 


3 .i_ 
-1*5  0 
2 


4"^*  . gB  (1  - i/gB)^ 


(14) 


If  the  huojenejr  increases  hy  one-third  in  100  seconds,  then  <qf  t » 0.3  and 


- 1 


I-  t + - Of  t 
2 


- t 


in  idiieh  ease  (14)  reduces  to  (11)  except  that  B is  now  a wariable.  This 
■nans  'ttiat  (11)  can  be  used  b7  patting  in  the  buoyanoy  at  each  instant,  un- 
less the  changes  are  sonsidiat  larger  than  those  ^ost  indicated.  This  conclu- 
sion is  deriTSd  nore  generally  in  the  Appendix  and  will  be  used  thxou^out 
the  observational  work. 


c.  Critical  Discussion  of  the  Theoretical  Model  and  its  Applicability 
to  Cloud  Towers 

The  theoretical  nodel  nay  be  divided  into  two  essential  parts,  the  force 
law  and  the  erosion  law.  The  erosion  law  is  strictly  an  assouption,  the  appli- 
cability of  which  to  oumlus  towers  is  only  to  be  established  bf  observation. 
The  applicability  of  the  force  law,  on  the  other  hand,  say  be  established 
theoretically,  svbject  only  to  two  conditions:  first  that  the  cloud  towers 

retain  a qpaai-spherical  rsppor  surface,  and  secoad  that  the  erosion  is 
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suJCTieientlj  aLov  so  that  the  ascent  -velocitj  does  not  radicallj  depart  ftom 
the  liMtlng  value  The  meaning  of  the  ];itter  asswqptlon  Is  that  the  flow 
pattern  around  the  tower  is  quasi-steac^,  or  that  the  streanline  picture 
changes  fron  a stea^jr-state  configuration  characteristic  of  one  Uniting  ts- 
locltj  to  that  of  another  without  large  transient  tens.  The  exact  differ- 
ential equation  ccnald  be  fhcssd  by  starting  from  the  equations  of  unatea^ 
potential  flow  and  the  resnlt  would  be  sowe  factor  slightly  greater  than 
one  to  wnltiiQy  b7  the  w tern  in  equation  (6).  This  factor  arises  physi- 
cally trcm  'Uie  fact  that  an  additional  acceleration  wnst  be  produced  by  the 
buoyancy  to  deflect  and  send  backward  a small  film  of  enrlronasnt  air  sur- 
rounding the  bubble.  Another  correction  to  the  acceleration  term,  in  the 
opposite  sense,  maj  be  caused  by  the  emergence  and  shedding  of  the  buoyant 
protuberances  from  the  cap  idiieh  may  give  a small  *rocket  effect*.  Since 
these  are  both  second-order  corrections  and  opposite  in  sense,  they  will 
be  neglected.  The  measurements  now  available,  anyhow,  would  not  pend.t  an 
observational  test  accurate  enough  to  select  between  a factor  of  one  times 
the  w term  in  equation  (11)  and  a factor  of  about  1.3. 

The  ap^ieablUly  of  equation  (6)  to  cloud  towers  Bwy  be  fhxther  vaU- 
dated  in  two  ways,  without  building  upon  the  work  of  Davies  and  Taylor,  pro- 
vided only  that  the  tops  are  quasi-spherical.  At  Reynolds  ntoibers  of  10^ 

8 9 

and  higher  (for  cloud  tower  Rs  » 10  - 10^)  experiments  on  turbulent  flow 
around  all  types  of  spheres,  ranging  from  gaseous  to  solid  (see  Qoldsteln, 
Yol.  I,  1938,  p.  2$)  have  shown  that  tqp  to  30^  angles  on  either  side  of  the 
flow  axis,  the  awbient  velocity  distribution  is  indlstinguiehably  different 
trcm  potential  flow.  Up  to  angles  of  60P,  the  flow  closely  approximates 
potential  flow.  Yurthexmore,  we  may  cheek  the  drag  law  in  another  way. 
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According  to  the  theoretical,  analysis 


or 


Drag  force  9 2 

= — w 

tuoit  BBSS  it£ 


(15) 


(16) 


idiere  is  the  drag  force  on  the  tover;  M is  its  nass;  and  E its  radius  of 
eurrature.  Equation  (I6)  niqr  be  co^^ared  with  the  foxm  drag  eqiiation  cob^ 
■only  used  in  the  stu^y  of  tuzbulent  flow  around  sidieres  by  tQrdrodynaaicists, 
haiaely 


or 


(17) 


Od  = 


uhere  A^  is  the  cross-sectional  az^a  of  the  sphere;  p is  the  fluid  densily; 
and  Cj)  is  a dinensionless  drag  coefficient^  found  experimentally  to  depezxl 
Topon  Reynolds  nunber. 

Ve  may  use  (1.6)  to  obtain  an  expression  for  Fj)  and  then  apply  (17)  to 
get  Cj).  The  mass  of  a bubble  with  half-aperture  8g|  and  radiias  of  curvature 
R is 

- 

SillK' 

M * P 

3 

while  its  cross-sectional  area  ;Ls 


1 - cos  ®m| 


(18) 


- 10  - 


= TTR^  Sin^  (19) 

The  ETarage  angular  half-aperture  of  observed  cloud/  btjbbles  came  out  30^. 

In  this  ease  Cp  is  found  to  be  0.2U« 

In  ejq>dfliiidnbs  on  tuxbulent  flow  around  spheres , at  Reynolds  nmd>ers 

10^  and  abore,  Cp  cones  out  0.20  (see  Bouse,  1938,  p.  22$), 

Thus  our  entire  theoretical  nodel  could  have  been  constructed  nerely 

fron  the  conmon  observation  that  the  tops  of  eunulus  towers  are  alnost 

2 

si^erical.  The  differential  equation  could  be  set  iq>  using  a w drag  law 
with  a Cp  3 0.20  and  a buoyancy  acceleration,  gB,  with  the  erosion  law  in* 
trodoced  specifying  as  a function  of  tine.  Jji  equation  similar  to  (11) 

would  thus  result  which  would  ccxxtain  a constant  proportional  to  E.  The 
observational  testing  would  be  entirely  the  sane  as  that  idiich  follows. 
Taylor's  nodel,  however,  and  the  bubble  approach  used  here  are  preferred 
because  nore  is  thus  said  about  nechanian,  both  concerning  the  naintenance 
of  the  qpherlcal  cap  and  the  production  of  the  tuAulent  wake. 

The  modifications  which  nay  be  expected  in  a shearing  wind  field  are 
discussed  in  Appendix  II. 

ni.  OBSEEVATIOIIS  ON  CQHULnS  TGUEBS 

The  primary  purpose  of  the  observational  work  is  to  test  the  constancy 
of  E in  equation  (U).  A superficial  examination  of  time-lapse  photographs 
reveals  many  eunulus  towers  sufficiently  isolated  for  the  equation  to  be 
applicable  to  then.  A bubble  is  suitable  only  if  its  motion  is  not  much 
affected  by  the  ascent  of  a larger  one  beneath,  idilch  subsequently  overtakes 
it.  This  apjplies  not  only  to  a separate  large  bubble  but  also  to  the  wake 
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of  the  bobble  Itself;  axid  the  demise  of  a bubble  most  be  noted  sot  only  by 
a cessation  of  ascent  but  also  by  a disappearance  of  the  clear-cut  top.  The 
wake  usually  continues  to  ascend  for  sereral  seconds  after  the  bubble  itself  j 

is  exhausted,  but  owing  to  evaporation  its  outline  is  not  clear  anl  its  size  | 

is  shrinking.  When  there  is  considerable  wind  shear,  a bubble  is  carried  to  1 

one  side,  and  is  therefore  not  interfered  with  by  its  successors;  and  idien 
^e  surroundings  are  dry  the  evaporation  of  the  wain  prevents  Interference 
by  it.  Indeed  these  two  conditions  idiich  militate  against  the  growth  of 
cLouds  because  they  isolate  the  bobbles  and  prevent  successors  from  adding  | 

4 

to  their  wakes,  aire  ideal  for  the  stu^  of  individual  bubbles.  I 

It  was  envisaged  (by  Scorer  and  Lcdlarn)  that  s.  bubble  would  be  coB^>o8ed  | 

by  aggregation  of  several  snail er  ones.  This  process  has  been  obaezved  in  | 

the  trade-wind  region  and  described  qualitatively  by  Malkus  (1953).  The  com-  | 

posite  nature  of  the  large  bubbles  used  jn  the  present  study  was  apparent  | 

from  the  time-lapse  films.  In  general,  the  uppennost  risible  part  of  a ris-  | 

I 

Ing  tower  ascends  somewhat  Irregularly,  while  the  upper  limit  of  a smoothed  ij 

outline  ascends  with  a more  slowly  varying  speed  It  is  sometimes  possible 
to  make  measurements  both  on  the  bubble  as  a idiole  and  on  the  individual 
ones  of  which  it  is  cosqjosed,  if  at  az^  time  they  emerge  from  the  top  long 
enough  to  make  an  ascent  alone  in  the  clear  air.  It  is  significant  that  i 

equation  (11)  has  been  applied  successfully  both  to  coi^site  and  to  indi- 
vidual btibbles,  and  this  strengthens  the  contention  that  the  theory  des- 
crlbes  a real  process,  and  that  not  only  are  cloudy  btibbles  built  uj*  from 

j 

several  smaller  ones,  but  that  we  may  treat  the  ccRqMsita  ones  Just  like 
the  indlT.Lduals.  After  discussing  the  measurements  on  several  cases  of 
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laolsted  single  bubbles,  a case  of  aggregation  of  seyeral  of  these  Individu- 
als into  a coapoBlte  bubble  is  considered. 

The  tine-lapse  iootlon  pictures  used  were  made  on  field  programs  of  cu- 
Bulus  study  by  the  narlne  meteorology  group  of  the  Woods  Hole  Oceanographic 
InstitTztlon*  A group  of  films  was  used  from  the  Hantucket  program  of  the 
saner  of  1950  (see  Malleus  and  Bunker,  1952;  Malkns,  1952b;  also  Malkus  and 
Stem,  1953)  another  groi;^  fron  the  Caribbean  e^qpeditions  of  1952  and 
1953  (described  in  part  by  Malkus,  1953).  The  measurements  were  made  by  pro- 
jecting the  films  in  a microfilm  reader.  The  height  of  the  cloud  base  was 
known  from  airplane  observations  (usually  of  the  same  clouds  being  photo- 
graphed, wiille  the  photography  was  in  progress)  and  the  cloud  top  height  was 
derived  from  t^e  height  of  it  and  the  base  above  the  horizon.  Errors  due 
to  the  earth*  s curvature  and  to  the  height  of  the  camera  above  sea  level 
were  found  to  be  negligible.  The  height  of  each  tower  was  plotted  against 
time  (the  camera  shutter  was  automatically  tripped  at  a fixed  interval)  and 
a curve  was  drawn  to  smooth  out  the  irregularities  produced  by  the  knobbly 
surface  of  the  tower. 

The  vertical  velocily  was  drawn  to  be  reduced  to  zero  at  the  end  of 
each  ascent,  but  since  we  are  concerned  with  the  velocity  relative  to  the 
air,  and  the  air  may  have  been  ascending  slowly  above  the  buoyant  wake,  it 
is  likely  that  the  deceleration  of  the  bubble  in  its  final  stages  has  been 
overestimated;  though  the  velocity  would  not  be  seriously  affected.  This 
would  lead  to  an  overestimation  of  0 in  the  last  second  or  so,  which  is 
indeed  observed  in  nary  cases. 

Theoretically,  exnnlnation  of  equation  (6)  tells  us  the  same  thing. 
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It  is  clear  that  w cannot  go  to  exactly  zero  at  t ~ 0 if  gB  is  to  remain 
positive.  Fbysically,  this  means  that  the  babble,  since  it  is  decreasing 
in  sise,  snst  always  rise  with  a velocity  slightly  in  excess  of  its  limit- 
ing velocity.  Although  the  limiting  velocity  goes  to  saxo  at  t = 0,  the 
actual  v^ocity  of  lAat  is  left  of  the  bubble  must  remain  greater  than  sero. 

Altogether,  eleven  cases  of  individual  bubbles  were  studied;  in  nine  of 
these  the  sztvirozmMnt  lapse  rate  was  such  that  a constant  value  of  buoyanqr 
coxild  be  used.  In  one  of  the  latter,  the  bubble  studied  was  so  Isolated 
that  it  seemed  to  behave  in  every  wj  like  the  "ideal"  bubble  described  by 
the  model.  Therefore,  this  case,  that  of  a cloud  over  Hantucket,  U.SJl. 
on  August  m,  1950,  will  be  described  first  and  in  greater  detail  than  most 
of  the  others. 

a.  Case  of  August  li»,  1950.  Nantucket,  U.S.A. 

The  clouds  formed  on  this  dty  have  been  discussed  at  length  elseidiezv 
(Malkus  and  Bunker,  1952;  Halkus,  1952b;  Malkus  and  Stem,  1^3),  and  vast 
amounts  of  supplementary  data  were  available.  The  cloud  studied  is  shown 
in  a sequence  from  the  film  in  Figure  3>  The  bubble  selected  is  the  top- 
most forming  the  doud  turret  and  is  indicated  by  the  idiite  arrow.  The 
wind  shear  on  this  diy  was  so  high  (-5  mps/km)  that  successive  biibbles 
were  unable  to  interact  and  the  cloud  tower  petered  out  at  a height  where 
the  enviroment  lapse  rate  still  exceeded  moist  adiabatic. 

The  measurements  from  the  time-lapse  films  are  shown  in  Figure  U.  The 
points  give  the  hei^t  of  the  bubble  cap  at  each  frame  (3  seconds  apart) 
beginning  when  the  bubble  emerges  Ikon  the  cloud,  or  when  the  irtiite  arrow 
first  appears  on  Figure  3,  until  it  reached  nearly  its  maxi  mum  hei^t  and 
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the  fUn  shoved  its  edges  becomiiig  fazzj.  At  this  frame>  as  nearly  as  it 
could  be  snecified,  t vas  set  equal  to  zero.  A sBooth  curve  is  dravn 
through  these  points  on  Figure  U and  observatians  read  off  every  fbur 
points,  or  tvelve  seconds  apart.  Velocities  are  found  by  taking  first  dif- 
ferences of  these  heights  and  accelerations  by  taking  second  differences. 
These  second  differences  are  indicated  by  x's  in  the  inset  grajdx  of  Figure 
U,  converted  into  ci^sec  , and  a snooth  curve  is  dravn  through  then.  The 
accelerations  used  in  the  table  belov  are  taken  froa  the  aKK>thed  curve, 
and  the  velocities  are  usually  smoothed  in  a similar  manner.  If  the  buoy- 
ancy B is  taken  as  a constant  equal  to  O.O836  (to  be  discussed  presently), 
the  value  of  G comes  out  for  each  observation  as  shovn  in  Table  I. 

The  buoyancy  of  the  babble  vas  estimated  from  the  clear  air  sounding 
according  to  the  following  procedure:  the  tevqperature  curve  foUoved  by 

the  bubble  vas  assumed  to  be  the  moist  adlabat  crossing  the  sounding  curve 
at  the  bubblers  level  of  origin.  Frcm  this,  its  virtual  temperature  excess, 
and  thus  its  density  deficienqr,  relative  to  the  environment  could  be  cal- 
culated. In  the  case  of  August  lU,  the  motion  pictures  seemed  to  indicate 
that  the  large  babbles  vere  forming  at  about  130C  m,  at  idilch  height  a 
'Tlsibls  transition  from  main  cloTid  body  to  "turret"  appeared  to  take  place, 
thus  indicating  the  tectonic  limit.  Figure  5 is  traced  from  the  film 
vlever  at  the  frame  corresponding  to  observation  2 in  Table  I,  and  shovs 
this  division.  Figure  6 shovs  the  buoyancy  calculation,  the  solid  curve 
(calculated  from  the  sounding)  giving  the  virtual  temperature  curve  of  the 
environment;  the  dashed  cuirve  gives  the  virtual  temperature  of  the  bubble, 
calculated  frcmi  the  moist  adlabat  intersecting  the  sounding  at  1300  m. 
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The  -virtual  temperature  difference  In  the  obsair?ed  height  range  Is  about  2.3°C» 
and  nearly  constant,  gl-vlng  the  -value  of  gB  = 8.2  used  In  the  table. 

The  value  of  G ==  0.200  is  the  average  for  this  b-obble  (coincidentally-,  it 
is  nearly  exactly  the  same  as  the  over-all  a-verage  for  all  eleven  studied). 
This  gl-vea  a -value  of  £ of  the  erosion  constant  of  approximately  $0  aeoonds. 
The  variations  in  0 within  the  single  bubble  are  eiq>ressed  by  cf  and  A , 
the  fomer  being  the  percentage  maxljpm  departure  from  the  average,  and  the 
latter  the  agritgi  range  in  Q dl-vlded  by  the  average.  The  values  of  the  buoy- 
ancy are  probably  not  accurate  to  better  than  1$%  thus  variations  that  large 
in  Q may  be  eiqpected  due  to  this  cause  alone.  Thus  the  -value  of  E should  be 
written  as  ^ 8 sec  and  is  only  reliable  to  one  significant  figure. 

low  the  last  foxu:  columns  in  the  table  nay  be  discussed.  In  order  -to 
test  the  Internal  consistency  of  the  bvbble  model,  and  especially  the  assump- 
tion that  w did  not  greatly  exceed  w^,  R may  be  calculated  from  (9)  using 
B » $0  secoxuls.  The  limiting  velocity,  w^,  is  then  calculated  from  (li)  using 
this  value  of  B.  The  actual  w is  seen  always  slightly  to  exceed  -this  calcu- 
lated w^.  The  fraction  by  which  w exceeds  Wq  calculated  in  the  next- to- 
last  column.  It  is  possible  to  make  an  independent  check  confutation  of  this 
fraction  by  solving  (6)  for  w,  and  subtracting  Vq  from  the  numerator  and 
dividing  it,  giving  after  substitution  of  (1^) 

^ = (1  - w/gB)^  - 1 (20) 

»o 

The  lost  coluan  shows  the  fractional  departure  of  w from  w^  found  using  this 

. Since  a 1 if  a error  in  Masurlng  w may  give  an  error  in  this  quantity 


method. 
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of  100-2CX^,  the  agreenent  between  the  two  nethode  may  be  considered  very 
satisfactory.  The  angular  half-aperture  of  the  bubble  may  be  calc-nlated 
from  the  relation  (see  Fig.-  19) 


D 

sin  6l  a — (21) 

2R 

using  the  anasnred  yalue  of  D at  the  second  observation  and  the  correspoxxUng 
R,  the  angle  6^  comes  out  3^,  which  is  on  the  anall  end  of  the  range  studied 
by  Davies  and  Taylor  (19^). 

Next,  several  trade  emulTis  bubbles  are  considered. 

b.  Case  of  June  30,  19^2.  St.  Croix,  V.  I. 

The  largest  bubble,  idiich  was  also  the  bubble  which  penetrated  to  great- 
est altitude,  was  photographed  on  this  day  from  the  island  of  St.  Croix. 
Although  the  lacked  sufficient  ccartrast  for  reproduction,  one  of  the 

fnanes  is  traced  in  Figure  J,  which  shows  the  dimensions  and  appearance  of 
the  bubble  studied.  This  case  vas  particularly  Important  because  it  was  the 
only  one  permitting  a direct  check  of  the  erosion  law.  The  same  calculations 
as  made  for  the  preceding  babble  are  presented  in  Table  XX.  The  trsaiea  were 
six  seconds  apart  and  measureaients  were  made  every  fourth  frame.  The  buoy- 
ancy caJ-culatlon  is  shown  in  Figure  8.  On  this  occasion,  not  only  did  the 
films  indicate  that  the  large  bubbles  were  fonnlng  at  about  1800  m,  but  the 
soundii^  showed  that  the  external  lapse  rate  exceeded  moist  adiabatic  up  to 
that  level,  above  which  it  became  equal  to  moist  adiabatic,  thus  clearly 
dsoarklng  the  tectonic  limit. 

The  value  of  Q is  seen  to  be  nearly  identical  to  that  for  the  Nantucket 


Table  n.  Bobble  of  Jtne  30,  1952.  St.  Croix,  V. 
Height  nmge  studied  290O-l|950  > 

Cloud  base  $90  ii}  gB  * 10.0  cVeee‘  ^ oonatant 
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eloud  previously  studied,  despite  an  entirely  different  air  nass  and 
cation.  The  variations  during  the  bubble's  life  are  smaller  than  pre- 
viously do  not  exceed  the  error  of  the  observetisns. 

This  bifl>ble  eas  so  isolated  on  the  film  and  maintained  such  a aaooth 
spherical  cap  that  it  was  possible  to  measure  the  cap  diameter  with  some 
ooafidenee  from  t » -I83  sec  to  t - -33  see.  The  results  are  plotted  in 
Tignre  9.  A stral^^ht  line  was  fitted  to  these  points  idiich  had  a slope 
Al/At  » -U  X 10  cm/see.  Since  tto  diameter  of  a bubble,  according  to 
the  model,  dx>uld  be  proportional  to  the  radius  of  curvature  A D/At  should 
equal  AB/At.  When  AB/At  is  calculated  fron  (6)  it  comes  out  AB/At  » 
-BgB  at  ^$0  X 10  = X loi^  ae/aoe.  Thus  the  observed  slope  departs  from  the 
theoretical  by  only  20f  (about  the  accuracy  with  which  the  measured  values 
of  D adhere  to  the  straight  line  in  FLg.  9)  and  we  may  consider  that  the 
erosion  law  has  been  directly  checked,  in  this  one  case.  The  half-aperture 
6^  was  calculated  for  t * -129  sees  to  be  35*^  >nd  since  the  bubble  was 
seen  to  retain  its  shape  throughout  the  times  represented  on  Figure  9,  it 
may  be  deduced  that  this  axigle  remained  very  nearly  constant  throu^out  its 
lifetime. 

0.  Case  of  Mt'  18,  1953.  Anegada,  B.W.I. 

Two  trade  cumulus  bubbles  over  the  open  ocean  were  observed  from  Ane- 
gada Island  (120  miles  east-northeast  of  San  Juan,  Puerto  Bico)  on  March  I6, 
1953.  As  in  the  preceding  cases,  a simultaneous  airplane  measurement  of 
cloud  base  and  a teaq)erature  tiounding  within  a few  miles  of  the  clouds  wore 
available.  A sequence  from  the  time-lapse  films  showing  the  bubbles  Is  pre- 
sented in  Figure  10.  The  calculation  of  0 is  presented  in  Tables  in  and  IV. 
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Tabla  III.  Bobble  March  l8^  1953*  Anegada,  B.W.I. 
Height  rauge  studied  1500-1780  m 
doad  base  570  ■;  gB  ^ const.  ^ 7.6  cm/am^ 


Obsermtlon 

-t 

(-t)^ 

w 

e 

H 

VgB 

(1-w/gB)^ 

0 

loHber 

see 

sec^ 

ca/sec 

o 

eVsee 

sec"^ 

1 

95.8 

9.8 

323 

-0.2 

- .026 

1.01 

0.23 

2 

81.U 

9.0 

31? 

“0.^ 

- .053 

1.03 

0.22 

3 

67.0 

8.2 

308 

-0.6 

- .079 

l.OU 

0.21 

k 

52.6 

7.3 

292 

-0.8 

- .105 

1.05 

0.20 

38.2 

6.2 

280 

-1.2 

- .158 

1.07 

0.18 

6 

23.8 

k.9 

263 

-U.l 

- .5i|0 

1.2U 

0.18 

7 

9.U 

3.1 

175 

-8.-1 

-1.06 

i.iOj 

0.20 

*Dlaaster  ■easnred  rongbly  at 
this  fraae  to  be  l60  x 


0 = 0.203 
a=  25$ 
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Table  IT.  BtO>ble  2,  March  18,  1953.  Anegada,  B.¥.I. 
Height  rai]ge  studied  138O-I68O  a 
Cloud  base  570  a;  gB  ^ const.  » 8.0  ca/see^ 


Observation 

-t 

(-»)* 

w 

e 

V 

w/8B 

(1-VgB)^ 

0 

lvl>er 

see 

see^ 

eVssc 

ca/seo^ 

sec"^ 

1* 

86.U 

9.5 

381 

- 0.6 

- .075 

l.OU 

0.20 

2 

72.0 

8.5 

367 

- 0.8 

- .100 

1.05 

0.19 

3 

57.6 

7.6 

352 

- 1.2 

- .150 

1:0? 

0.19 

k 

ii3.2 

6.5 

336 

- 2.1 

CM 

• 

1 

1.12 

0.17 

5 

28.8 

5.U 

302 

- U.l 

- .513 

1.23 

0.18 

6 

li».U 

3.8 

205 

-10.2 

-1.280 

1.51 

0.22 

*DLaaeter  aeasured  eery 
rou^ily  as  jll^O  a 


a 0.191 
<T=  15JJ 

^ a 20$ 
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The  time  Interval  between  frames  was  seconds  and  observations  were  read 
off  every  four  frames  or  II4.U  seconds  apart. 

Since  these  two  bubbles  were  protrosiona  from  a larger  doud  turret 
(see  fig.  U),  the  estimation  of  their  diameters  was  extremely  difficult. 
The  buoyancies  were  arrived  at  Ijy  a procedure  similar  to  that  of  the  pre- 
ceding eases,  except  that  examination  of  the  film  suggested  that  these  bub- 
bles had  risen  tron  doud  base,  or  vexy  nearly.  Thus  the  moist  adiabat  In- 
texveeting  the  soundliig  at  doud  base  was  used.  The  diagram  showing  the 
buoyancy  calculation  is  given  in  Figure  12.  Sixiee  the  enviroment  lapse 
rate  was  steeper  than  moist  adiabatic  on  this  occasion  up  to  I6OO  m,  bobble 
agglomeration  could  presxmiably  have  occurred  in  other  bubbles  much  above 
cloud  base.  Several  clouds  in  the  vicinity  were  traversed  by  the  aircraft 
on  this  day  vp  to  167^  m,  and  it  will  be  attoapted  later  to  detexmlne 
idiether  this  was  the  case. 

Since  these  bubbles  were  far  less  isolated  than  the  preceding  cases, 
the  degree  of  constancy  of  G is  extremely  satisfactory. 


d.  Casa  of  April  2,  1953.  Anegada,  B.W.I. 

A rather  isolated  trade-wind  bubble  was  observed  from  Anegada  on  April 
2,  1953}  and  a sequence  from  the  film  depicting  it  is  reproduced  in  Figure 
13.  The  pertinent  calculations  are  presented  in  Table  V.  The  tramm  cor- 
responding to  observation  S amS  mSGiI  ‘vITolCCd.  snd  is  shewn  in  Figure  li^.  The 
origin  of  this  bubble  appeared  from  the  film  to  be  about  1 km,  although 
the  lapse  rate  slightly  exceeded  moist  adiabatic  to  about  1900  m.  The 
tHToyancy  calculation  is  shown  in  Figure  l5.  This  day  was  an  extremely  mar- 
ginal one  for  convective  clouds  and  btbbles  only  feebly  succeeded  ons 
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Table  V-  Bubble  of  April  2,  195.3.  Anegada,  B.W.I. 
Height  range  studied  13U0-1920  m 
Cloud  base  590  a;  gB  ^ const.  ^ 5.6 


Obsemitloa 

lioBiber 

-t 

see 

(-t)i 

se«^ 
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ci/see 

• 

V 

A 

cm/aBc 

w/gB 

0 

sec“i 

1 

187.2 

13.7 

370 

0 

0 

1 

0.21 

2 

172.8 

13.2 

368 

-0.17 

- .030 

1.015 

0.20 

3 

158.U 

12.6 

362 

-0.3U 

- .061 

1.03 

0.20 

Ui*.o 

12.0 

352 

-0.51 

- .091 

1.05 

0.20 

5 

129.6 

11.U 

335 

-0.85 

1 

• 

H 

1.07 

0.20 

6 

115.2 

10.7 

310 

-1.02 

H 

1 

1.09 

0.21 

7 

100.8 

10.0 

295 

-0.97 

- .173 

1.08 

0.20 

8* 

86.U 

9.3 

278 

-0.85 

- .152 

1.07 

0.20 

9 

72.0 

6.5 

265 

-0,85 

1 

. 

H 

1.07 

0.19 

10 

57.6 

7.6 

253 

-1.02 

- .182 

1.09 

0.18 

11 

1»3.2 

6.5 

220 

-1.37 

1 

. 

ro 

1.11 

0.18 

12 

26.8 

5.U 

210 

-2.56 

- .U57 

1.21 

0.17 

13 

II4.U 

3.8 

169 

-6.0 

-1.07 

i.Uii 

0.18 

*Z)iaaeter  aeasured  as  290  m 


5 » 0.19U 
cT-  105f 
20J< 


t 


- 29  - 


aiK>ther.  !PUrther  cloud  studies  the  airplane  on  this  ds^  maj  perhaps  re- 
Teal  the  reason. 

e.  Case  of  August  8^  19^0.  Nantucket,  U.S.A. 

On  this  day  a total  of  ten  bubbles  vere  obsexred  and  calculations  vere 
■ade  on  six  of  these.  Sereral  of  the  bubbles  studied  individually  were  seen 
to  SBalgaotate,  and  are  later  discussed  as  an  aggregate  or  conposlte  bubble. 

A sequence  free  the  film  showing  the  bubbles  used  is  presented  in  Figure  l6. 
The  individual  bubble  coiqputations  are  shown  in  Tables  VI-XI. 

As  the  tables  show,  some  of  these  bubbles,  particularly  8,  were  hardly 
sufficiently  isolated  to  be  treated  as  individual  bubbles.  Figure  17  illus- 
trates this  point  nore  cleaily.  Figure  l8  indicates  the  nanner  in  which  the 
buoyancies  used  in  the  tables  were  deduced.  On  this  day,  the  appropriate 
values  of  were  obtained  by  workir#g  backward,  since  the  approxiwate  value 
of  0 was  known  from  the  preceding  bubbles.  It  was  concluded  that  the  bub- 
bles constituting  the  clouds  on  August  8 had  risen  all  the  way  fron  the 
ground,  or  nearly  from  the  groxxnd,  using  many  pieces  of  evidence.  Amrsg 
these  was  the  fact  that  bubbles  appeared  again  and  again  over  preferred 
positions  (see  Kalkas  axid  Bunker,  19^2,  p.  11).  Also  the  lapse  rate  above 
cloud  base  was  more  stable  than  moist  adiabatic;  thus  the  tectonic  limit 
most  have  been  at  cloud  base  (800  m).  Therefore  the  bubbles  were  assumed 
to  have  risen  dry  adiabatically  to  cloud  base  and  from  thence  moist 
adiabatically,  the  moist  adiabat  being  diosen  in  such  a way  as  to  give  Q 
somewhere  in  the  previously  detennined  range.  It  ie  interesting  to  note 
that  the  maximum  temperat\ire  required  by  a bubble  leaving  the  ground  (num- 
bers 9 and  10)  only  exceeds  the  observed  mariBnini  teBQ>er&ture  at  Nantucket 
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Table  VI.  Bubble  U,  August  8,  1950.  Hantucket,  U.S.A. 
Height  reogs  studied  1120-1320  a 
doud  base  800  a 


Observa- 

tion 

-t 

(-t)i 

V 

• 

V 

gB 

w/gB 

(1-w/gB)^ 

0 

ItBfcer 

sec 

sec^ 

em/oee 

ca/aec 

o 

a^sec 

sec^ 

1 

87 

9.3 

330 

0 

7.0 

0 

1.00 

0.20 

2* 

72 

8.S’ 

330 

-1.7 

6.5 

-0.26 

1.12 

0.19 

3 

$7 

7.6 

300 

-j.j 

6.0 

-0.55 

1.25 

0.19 

k 

h2 

6.5 

230 

-U.i 

5.5 

-0.71* 

1.32 

0.20 

5 

27 

5.2 

170 

-U.6 

5.0 

-0.92 

1.39 

0.21 

6 

12 

3.5 

90 

-U.9 

U.5 

-1.09 

1.1*1* 

0.25 

0 = 0.210 
S=  19% 
29% 


"DLaaster  aeasured  as  2$0  a 


Tabl«  TEI«  BTi>ble  Aosust  6,  19^0.  Haxitiicketj  U.S.A. 
Height  raxige  studied  1250-lUOO  m 
doud  ha«e  800  m 


Obsexrai- 

tion 

-t 

(-t)^  ' 

V 

• 

V 

w/gB 

0 

Hoisber 

see 

see^ 

cs/sec 

A 

cV»®c 

see  ^ 

1 

60 

7.7 

h36 

0 

n.o 

A 

V 

1.00 

0.20 

2* 

51 

7.2 

1|28 

- 1.9 

10.5 

-0.18 

1.09 

0.19 

3 

hZ 

6.5 

38U 

- 3.3 

10.0 

-0.33 

1.15 

0.20 

U 

33 

5.8 

356 

- U.8 

9.5 

-0.50 

1.22 

0.19 

5 

2li 

U.9 

296 

- 6.8 

9.0 

-0.75 

1.32 

0.20 

6 

15 

3.9 

227 

- 9.7 

8.5 

-l.lli 

1.U6 

0.21 

7 

6 

2.5 

139 

-15.5 

8.0 

-1.9U 

1.72 

0.25 

Biawter  xeasured  as  2$0  m 


S’  = 0.210 
S=  19% 
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ftbltt  7m.  Bobble  7,  Axigost  8;  19^.  H^ueket,  U.S.A. 
Height  range  etodied  lUOO-1670  a 
Cloud  base  800  a;  gB  ^ const.  * 7*0  ca/see^ 


ObserratloB 

-t 

(-t)i 

V 

VgB 

(l-*/gB)^ 

0 

Huriser 

see 

see^ 

ca/see 

2 

ea/see 

1 

105 

10,3 

3k6 

0 

0 

•s 

0.21 

2 

90 

9.5 

3U0 

- 0.7 

-0.1 

1.05 

0.20 

3* 

75 

8.7 

330 

- 1.U 

-0.2 

1.10 

0.20 

k 

60 

7.8 

31k 

- 2.1 

-0.3 

1.1k 

0.21 

$ 

li5 

6.7 

288 

- 2.8 

— o.k 

1.18 

0.20 

6 

30 

5.5 

251 

- k.2 

—0.6 

1.27 

0.20 

7 

15 

3.9 

lk5 

-11.2 

-1.6 

1.62 

0.30 

*ClaBeter  too  dlftieult  to 
aeasure  froa  f i2a 


0 = 0.218 
<T=  36$ 
4=  U5$ 
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Table  IX.  Bubble  8,  August  8,  19$0.  Hantucket,  U.S.A. 
Height  range  studied  l550«1750  m 
Cloud  base  dOO  ■ 


Obserration 

-t 

(-t)* 

V 

• 

w 

VgB 

(l-i/tf)*  0 

Hnufcer 

see 

see^ 

ci^see 

A 

ca/cec 

«.+ 

1 

90 

9.$ 

26l 

-1.9 

-0.27 

1.13  0.2» 

2 

&I 

9.0 

261 

+1.9 

+0.27 

0.86  0.21 

3* 

72 

8.5 

279 

+1.9 

+0.27 

0,86  0.18 

k 

63 

7.9 

296 

+1.9 

-K).27 

0.86  0.16 

$ 

$h 

7.3 

296 

+1.9 

+0.27 

0.86  0.15 

'6 

k$ 

6.7 

279 

0 

0 

1.00  0.17 

7 

36 

6.0 

261 

-1.9 

-0.27 

1.13  0.18 

8 

27 

5.2 

22o 

-3.8 

-0.5U 

1.2U  0.20 

9 

18 

U.2 

192 

-5.7 

.0.82 

1.35  0,21 

10 

9 

3.0 

130 

-7-6 

-1.08 

l.ltU  0.23 

*Dlawter  m 

lasured  as  280  ai 

0 a 0.198 
</=  U55 
4 » 70% 
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Table  X.  Bobble  9,  Aognst  8,  1950.  Nantocket,  U.SJL. 
Height  racge  stodied  1600>200C  s 
dood  base  800  m;  gB  — 10.0  a^/eee^  ^ eonstant 


ObsexTation 

<-t)i 

V 

• 

V 

w/gB 

(1-v/gB)^ 

0 

Haber 

MC 

sec^ 

cai^see 

A 

Cm/b90 

sec"^ 

1 

96 

9.8 

U90 

- 0.5a 

- .05a 

1.03 

0.21 

2 

8U 

9.2 

- 0.5U 

- .05a 

1.03 

0.20 

3 

72 

8.5 

1»57 

- 0.81 

- .081 

i.oa 

0.19 

k* 

£0 

7.8 

iiiiO 

- 1.08 

- .108 

1.06 

0.19 

$ 

1(8 

6.9 

i|2l| 

- 1.75 

- .175 

1.08 

0.18 

6 

36 

6.0 

lt08 

- 3.10 

- .310 

1.15 

0.17 

7 

2k 

U.9 

359 

- 5.80 

- .580 

1.26 

0.17 

8 

12 

3.5 

2kk 

-10.8 

-1.08 

i.aa 

0.21 

*DLaaeter  Measured  as  310  m q a 0„190 

S = 10$ 

A=  21$ 


Table  U.  Bobble  10,  Aogost  6,  19^.  Nantocket,  U>S  JL 
Height  range  stodled  1650>2260  b 
dead  baae  800  m;  gB  - 10.0  ci^aee^  constant 


Observation 

-t 

(-t)* 

V 

Waatowe 

see 

ca/sec 

1 

117 

10.6 

5b0 

2 

105 

10.2 

$20 

3* 

93 

9.6 

500 

h 

81 

9.0 

U90 

$ 

69 

8.3 

U60 

6 

57 

7.5 

U20 

*•% 

1 

li5 

6.7 

370 

8 

33 

5.7 

3u0 

9 

21 

U.6 

290 

10 

9 

3 

210 

Beasored  aa  390  b 


e 

V 

ca/sec 

w/gB 

(l-VgB)i 

0 

sec”^ 

- 1.5 

- .15 

1.07 

0.21 

- 1.6 

- .16 

1.08 

0.21 

- 1.7 

- .17 

1.08 

0.21 

- 2.0 

- .20 

1.10 

0.20 

- 2.U 

- .21* 

1.11 

0.20 

- 3.0 

- .30 

l.li* 

0.20 

- 3.8 

- .38 

1.18 

0.21 

- 5.0 

- .50 

1.23 

0.21 

- 6.7 

- .67 

1.29 

0.21 

-10.0 

-1.0 

1.1*2 

0.20 

0 = 

0.206 

<T=  5% 
A = 5% 


*DLaBater 


airport  bjr  0.2^C.  It  is  not  implausible  that  the  later  babbles  should  hS7£ 
required  Manner  initial  temperatures  since  thej  uere  observed  to  pexaetrate 
to  greater  heights  than  ttelr  predecessors^  It  is  also  interesting  to  note 
that  bubbles  U and  5 required  Tarlable  buoyancy.  To  obtain  a mean  buoyancy 
of  the  proper  ualue  to  arriTe  at  a 0 0.20,  a moist  adiabat  had  to  be  ebo- 

sen  for  these  bubbles  i^ch  gave  decreasing  buoyancy  with  height,  althou^ 
the  rate  of  decrease  mas  vithin  the  range  for  ahich  equation  (11)  should 
apply  (see  pp.  11,  12  and  the  Appendix).  When  the  changing  values  of  gB 
Mere  read  fires  the  appropriate  soist  adiabat  in  Pigure  18,  hornsver.  Tables 
TI  and  ?H  show  that  0 still  retains  a satisfactorily  constant  value. 

f . Svmmry  of  the  Observations  of  Individual  Bubbles 

The  average  value  of  0^,  called  G,  for  all  the  bubbles,  is  Just  sli^tly 
greater  than  0.2  sac*^.  Using  0 in  equation  (11),  the  average  value  of  E 
comes  out  seconds,  and  mill  henceforth  be  used  as  50  seconds,  since  the 
aeeuraey  of  the  observations  is  such  that  only  lAe  first  figure  is  signifi- 
cant. Table  HI  conpares  all  the  values  of  Q.  The  greatest  departure,  (f  , 
from  the  average  is  and  the  total  spread  from  minimmi  to  maximum  divided 
by  the  average,  A * i>3  15$>  which  Is  within  the  accuracy  of  the  measure- 
ments. Ihe  fluctuations  of  G obtained  within  the  life  of  a single  bubble 
can,  where  they  occur,  nearly  always  be  accounted  for  by  the  Interference 
of  another  bubble  or  a wake,  tdileh  usually  caused  the  measured  velocities 
to  be  too  high. 

The  average  angular  half-aperture  of  the  bubbles  may  be  estimated 
by  eoaqparlng  the  measured  values  of  the  bubble  dLaaeter  D,  obtained  for  the 
starred  observation  In  each  table,  and  \iie  radius  of  curvature,  R,  calculated 
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Table  m.  Hadiug  and  calculation  for  each  bubble  at 
tijw  (-t)  and  comparison  of  valuet.-  of  G 


Bubble 

TiJM 

D 

R 

W-Wq 

»o 

(1-w/gB)^ 

-1 

s 

Babe  and 

(-t)* 

aeasurod 

calc, 
froai  S 

calc. 

at  (-t)* 

at  (-t)* 

sec”^ 

VoiA>er 

see 

■etera 

meters 

cn/sec 

Aug.  lU 

96 

425 

390 

380 

.08 

.05 

0.200 

June  30 

129 

750 

650 

540 

.17 

.14 

0.204 

il.  Hareh  18 

382 

160 

145 

220 

.27 

.0? 

0.203 

|2,  March  l8 

86.H 

3iO* 

3Ji5 

350 

.09 

.04 

0.191 

April  2 

86.4 

290 

240 

250 

.11 

.07 

0.194 

Aug.  8 

72 

250 

230 

260 

.27 

.12 

0.210 

§$,  Aug.  8 

51 

250 

270 

355 

.20 

.09 

0.210 

07,  Aug.  8 

75 

too  diff- 
cult  to 
aeasnre 

260 

285 

.16 

.10 

0.218 

06,  Aug.  8 

72 

280 

250 

280 

0 

-.14 

0.198 

S 

oo 

60 

310 

300 

370 

.19 

.06 

0.190 

#10.  Aug.  8 

93 

390 

465 

455 

.10 

.08 

0.206 

Very  rou|^  ■eaaument  g:  = ,202 

= 6.2 

6 = B% 

A = li>56 


froa  equation  H = -KgBt . Usixig  £ equal  to  ^0  seconds  the  corresponding 
T9  lues  of  R are  given  in  the  fourth  column  from  the  left  in  Table  XU.  The 
average  ratio  l/R  is  approxLaately  one,  giving  an  average  ^ of  30*^,  as  il- 
lustrated in  Figure  19.  The  few  cases  where  it  was  possible  to  measure  D 
fairlj  accurately  (August  lii  and  June  30)  indicate  that  0^  probably  should 
be  a few  degrees  larger  than  this.  The  next  column  in  Table  XU  gives  at 
(-t)*  calculated  using  the  values  of  R in  equation  (U).  The  fractional  de- 
parture of  the  measured  « at  (-t)*  from  w^  is  also  given  in  the  table  and 
should  be  equal  to  (1  - w/gB)^  - 1 which  is  presented  beside  it  (see  equa- 
tion (20),  p.  21).  Although  the  departures  between  these  two  sets  of  re- 
sults are  within  observational  error,  it  will  be  noted  that  the  one  calcu- 
lated from  accelerations  is  systeaiatically  smaller  than  the  other.  This 
may  periiaps  be  an  indication  that  a factor  greater  than  one  should  have 
been  multiplied  by  the  inertial  term  in  equation  (6) . It  may  only  indicate 
Uiat  the  method  of  mMisuring  w from  the  films  using  smoothed  second  differ- 
ences in  heights  gives  results  idiich  are  systematically  too  small.  There 
is  no  apparent  theoretical  way  of  arriving  at  any  factor  greater  than  one 
to  be  multiplied  by  the  inertial  texv.  in  equation  (6)  and  even  if  there 
were,  no  way  exists  at  present  of  testing  it  observationally.  Therefore 
nothing  will  be  done  here  to  conqplicate  the  model,  tdilch  has  worked  out 
quite  satisfactorily. 

Thus  it  may  be  concluded  that  for  relatively  isolated  cloud  bubbles  the 
proposed  force  and  erosion  lavs  are  applicablo.  The  iiiqx>i*tance  of  this  con- 
clusion lies  in  the  siaqpllcity  of  the  laws  and  the  Independence  of  the  bub- 
ble's life  cycle  from  government  by  vast  numbers  of  environment  parameters. 
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In  order  to  progress  Srom  a single  babble  to  a cismilas.  however,  we  oust  con- 
sider the  interaction  of  oai^  babbles  with  one  another  and  with  their  envi- 
ronment, and  we  most  eventually  atteaqpt  to  stnc^y  the  process  of  wake  ibrma- 
tlon.  As  a first  step  in  the  direction  of  this  building  process,  the  inter- 
action of  several  bTA)bles  to  produce  a larger  one  may  be  considered,  since 
information  on  this  point  is  at  present  available. 

17.  THE  IHTEBAGTION  OF  BOBBLES  WITH  ONE  ANOTHER  AND  WITH  THE  ENVIROHlfEST 

In  Tables  I-XI,  biA)bles  ranging  in  diameter  traa  about  100  m to  about 
1 km  were  studied.  Soma  of  the  larger  cmes  were  visibly  oewposed  of  bubbles 
of  a SBtaller  sise  idiich  often  made  themselves  apparent  as  the  boapy  nodoles 
at  the  top..  Oonceming  the  origin  of  the  smaller  bubbles  100  m)  several 
mechnnitmin  immadiately  suggest  themselves.  One  is  irregularities  in  sur- 
face heating  or  ‘Hiot  spots"  on  the  ground,  as  were  probably  witnessed  in 
the  Nantucket  case  of  August  8.  In  the  case  of  trade  cumulus,  small  Inibbles 
may  originate  at  cloud  base  when  some  of  the  eddies  in  the  mixed  sobcloud 
layer  (^-1^  m dLametor)  strike  their  oondsnsaticn  level.  It  is  Interest- 
Iqg  to  note  that  nom  of  the  trade  cumulus  bubbles  studied  here  appeared 
to  originate  below  cloud  base. 

Concerning  the  aggregation  of  these  small  bubbles  into  tower-sised 
larger  ones,  sobmb  light  is  shed  by  the  fundamental  work  on  a oonvectlng 
fluid.  In  considering  such  a msdium,  W.  Malkus  (1953)  showed  that  the 
fluid  as  a idiole  and  the  individual  elements  therein  will  organize  in  such 
a manner  as  to  maxlmiso  the  potential  energy  dissipation  into  other  foms. 

In  the  ease  of  rising  bubbles,  this  dissipation  is  maximised  if  the  product 
{^w  is  maximised.  Equation  (U)  shows  that  larger  bubbles  will  possess  a 
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higher  ascent  -velocity.  Thus  the  larger  elements  will  be  preferred.  It  is 
not  yet  clear  idiat  places  an  upper  limit  the  size  whidi  may  be  achieved 

by  aggregation,  although  this  ie  probably  related  to  the  -vertical  dimensions 
of  the  con-vecting  fluid  layers. 

a.  A Case  of  the  Aggregation  of  Se-veral  SsaU  Babbles  into  a Larger 
C<Mq>o8ite  Biftble 

On  August  8,  1950,  the  asmlgamation  process  took  plsee  before  the  ej9B 
of  the  obaervers,  bubbles  6,  and  7 joining  together  to  constitute  the 
large  -tCHer  dosinatiug  the  Biddle  column  of  jdiotograjAis  in  Figure  I6.  The 
composite  bubble  is  shown  in  ngures  17b  and  17e,  idiich  Illustrate  how  the 
smaller,  xnabered  bubbles  conttnued  to  be  identified  as  protrusions  troi 
the  top  of  this  composite  babble,  exhausting  at  different  le-vels  as  they 
each  exBCute  their  own  life  cyde.  Figure  20  shows  the  height-time  curve 
for  each  of  these  indi-vlduals  and  the  composite  foxned  >y  Uien.  The  re- 
sulting calculation  for  the  conq>oslte  bubble  is  presented  in  Table  ZUI. 

The  buoyancy  for  the  coaq)osite  babble  was  deteimLned  merely  by  taking 
that  constant  Talus  of  gB  which  gave  G in  the  range  obtained  for  the  other 
htbbles  stndied.  The  Talus  of  ^ = U.5  ijqplies  a Tirtual  teaqwrature  sxcess 
of  the  babble  of  1.3°C,  or  since  the  bubble  is  ascending  moist  adlabati- 
eally,  an  actual  temperature  difference  of  1.0°G  and  an  Increment  due  to 
excess  water  vapor  of  0.3°C.  These  values  were  obtained  from  the  themsjo— 
{^faamie  diagram  assuming  that  the  composite  bubble  was  formed  at  cloud  bass 
(tectonic  limit  for  this  day)  and  from  there  followed  up  a wet  axiiabat. 

Its  excess  virtual  temperature  of  1*3^C  at  -this  level  is  to  be  coiq>ared  to 
excesses  of  about  3.6^C  for  the  corresponding  indl-vidual  bubbles.  Ihifor- 
tunately,  during  the  latter  part  of  its  history  (from  -t  = 120  sec  onward) 
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Table  HH,  Caaposite  babble  of  Aogast  8,  1950.  Nantucket,  D.SJl. 
consisting  of  Individuals  $,  6,  and  7 
Height  range  studied  1090-1730  m 
Cloud  base  600  ■;  gB  * ii*5  ci^sec^  * constant 


Observation 

-t 

(-t)^ 

'V 

Imiiber 

sec 

88C^ 

CBV^sec 

1* 

2k0 

15.5 

31i* 

C 

225 

15.0 

3 

210 

lU.5 

30U 

k 

195 

lU.o 

30U 

$ 

fin 

«l.vw 

13.5 

29U 

6 

165 

12.8 

29U 

7 

150 

12.2 

282 

8 

135 

11.6 

282 

9 

120 

11.0 

272 

10 

105 

10.3 

272 

11 

90 

9.5 

262 

12 

75 

8.7 

2li8 

13 

60 

7.8 

238 

Ik 

U5 

6.7 

228 

15 

30 

5.5 

198 

16 

15 

3.8 

126 

*DLaB»ter  neasured  as  500  m 


«r 

A 

ca^sec 

(l-i/gB)i 

a 

sec  ^ 

-0.28 

-.062 

1.03 

0.23 

r\  r%Q 

-.062 

•V 

0.23 

-0.28 

-.062 

1.03 

0.22 

-0.28 

-.062 

1.03 

0.21 

-0.28 

-,062 

1.03 

0.21 

-0.28 

o 

• 

1 

1.03 

0.20 

-0.28 

-.062 

1.03 

0.20 

-0.28 

-.062 

1.03 

0.19 

-0.28 

-.062 

1.03 

0,19 

-0.28 

-.062 

1.03 

0,18 

-0.28 

1 

. 

o 

1.03 

0.17 

-0-35 

-.078 

l,0li 

Q.16 

-0.ii9 

-.109 

1.06 

0.16 

-1.75 

-.390 

1.18 

0.16 

-3.08 

-.685 

1.30 

0.16 

-U.90 

-1.09 

l.li5 

0.20 

0 = 

0.192 

</=  21% 
A=  37% 


the  cogqwsite  babble  «as  being  followed  closely  and  piJished  upward  by  bubble 
8 (see  F1i7.  17c)  and  t^hus  the  vertical  aotlons  laeasured  t^re  too  high,  giving 
oxceesivelj  low  values  of  G in  Table  XIII.  Nevertheless,  it  nay  be  con- 
sidered to  obey  the  lava  for  a single  babble  fairly  well,  as  is  supported 
by  the  calculation  of  R froB  equation  (9).  At  -t  = 2U0  seconds,  using  E » 

$0  seconds,  R cones  out  ^0  m,  giving  an  angular  half-aperture,  6^,  of  ^ut 
28°.  FrtHB  (U),  using  the  calculated  a,  w^  ccaes  out  32$  ai/sec  which  Is 
within  observational  error  of  the  neasured  w. 

Certain  other  deductions  concerning  the  cooposition  and  Ibnaation  of 
this  bobble  nay  be  drawn  trom  Figure  20  and  the  tables.  At  -t  = l60  sec- 
onds on  the  coaqposite  bubble's  time  scale,  its  top  was  at  1300  m.  It  was 
th^  coi^osed  of  bubbles  $ and  6.  Ertrspolatlng  with  the  foraula  R =*  -EgBt 
at  this  fraae  the  coaqposite  bubble  would  have  a radius  of  curvature  equal 
to  about  UOO  ■,  while  bidsble  $ would  have  dwindled  to  about  IXX)  m and  bub- 
ble 6 to  about  300  b.  Assoiing  the  voluee  proportional  to  the  cube  of  this 
linear  dinension,  it  say  be  hazarded  that  apprcxiaately  30^  of  the  large 
bubble  volTsae  eioee  froB  undilute  individuals  and  70^  from  wake  Bsterial. 

Ho  inferences  are  drawn  about  the  degree  of  wlxing  or  honogeneity  within 
the  large  bubble,  which  nust  however  be  fairly  high  for  it  to  retain  co- 
hersint  identity.  If  the  individual  bubbles  possessed,  at  the  tine,  a buoy- 
ancy gB  of  10.0  cn/see^  and  the  coiqK>site  bubble  a gB  of  U.S*  cn/sec^,  this 
Beans  the  wake  aatexlal  had  buoyant  of  roughly  gB  =■  2.0  ci^sec  . This 
would  iaply  a virtual  tenqwrature  excess  in  the  wake  of  0.58°C.  Using  the 
entrainawnt  nethod  of  StonMl  (19U7)  it  is  i>088ible  to  detendne  idiat  de- 
gree of  »<v<Tig  between  doudy  air  and  environBent  wodd  give  rise  to  this 
latter  buoyancy  at  this  hei^t.  Vhen  the  virtual  tenq>erature  excess 


- U3  - 


I>osses8ed  bj  bubbla  p at  cloud  base  was  assuaed  to  derive  Ixdtial  values  of 
temperature  and  moisture^  'Uie  entralmeiit  z*ate  between  cloud  base  apd  1200  n 
averaged  about  1.^  x cm~^.  This  is  in  good  agreement  with  the  entrain- 
ment rate  (2.0  x caT^)  calculated  by  Malkus  (]l9$2b)  for  the  same  clouds 
using  their  observed  elopes. 

b.  Interaction  between  Bubbles  and  Their  Snvironeent 

Most  of  the  ijqportanb  recent  work  os  cumulus  clouds  has  emphasised  the 
critical  role  of  the  aabienb  air  is  regulating  the  fozaatlon,  growth,  and 
dsvelopnsnt  of  the  clouds.  In  particular,  it  has  been  ehown  (Austin,  19U8; 
BfBTB  and  Braham,  19k9i  Syers  and  Battan,  19U9;  Malkus,  19^2a)  that  strong 
wind  shear  and  environeent  dryness  are  Izihlbitory  to  the  growth  of  large 
donds  and  precipitation.  The  present  study  has  so  far  dealt  with  individ- 
ual bxdzbles  idiose  life  history  in  relative  isolation  has  been  shown  to  be 
rather  unaffected  by  the  latter  parameters,  (see  Appendix  H for  evaluation 
of  the  effects  of  wind  shear  upon  a single  bubble).  Hevertheless,  in  the 
course  of  this  work  certain  information  has  been  derived  which  may  provide 
a start  on  the  vital  problem  of  the  protection  of  bubbles  by  one  another  and 
their  interaction  with  the  surroundings. 

In  particular,  the  level  of  bubble  origin  has  been  deduced  in  each  case. 
This  origin  is  usually  well  within  the  Caloud  body,  and  thus  the  total  height 
rauMte  traversed  bv  a bubble  is  usually  far  in  excess  of  the  height  j^uige 
studied  here.  The  height  range  studied  here,  noted  in  the  heading  of  each 
table,  is  always  that  following  the  emergence  of  the  bubble  from  the  cloud 
top  when  the  bubble  is  travslliqg  nzqnrotected  by  others  against  erosion. 

Thus  we  are  in  a position  to  coaq>are  the  total  height  range  traversed  by  a 
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btibbls,  the  relatlTe  poirtion  of  this  doxiog  Hhlch  it  has  been  protected  bgr 
others,  its  BMtxiBga  radius,  and  environcent  parameter-^  such  as  dryness  and 
vind  shear.  This  coi^>arison  is  made  in  Table  2IV.  ^ the  aariBoa  radius 
of  a bubble  is  aeant  the  radius  it  had  idien  it  first  merged  from  the  cloud 
top  into  dear  air  (i^e.  first  observed  on  the  film).  This  was  calculated 
fzx«  R at  the  starred  frame,  called  R*,  by  the  relation  Rg^^^  ^ R* 
(-t)aaz/(‘*^)*  idiere  (-t)|mx  first  value  of  (-t)  used  in  the  table 

for  each  bubble.  The  A q>  or  moisture  deficiency  of  the  envircnaaant  air 
relative  to  cLoudly  air  was  deduced  by  subtracting  the  mean  ad-xlng  ratio  of 
the  ecvlroaient  in  the  cloud  layer  from  the  mean  nixing  ratio  of  the  appro- 
priate bubble  ascent  curve.  The  cloud  width  was  determined  from  the  films, 
using  in  each  case  the  cloud  bo<i(y  fTcHB  which  the  particular  uubble  appoared. 

Is  -Uie  table,  the  protected  hei^it  range  was  deduced  ly  subtracting 
the  hei{^t  range  studied  (the  uxqnrotMtad  hei^t  range)  from  the  total 
height  range,  idiieh  is  the  difference  between  the  topmost  height  pene- 
trated by  the  bubble  idiile  still  active,  and  its  hypothesised  level  of 
origin.  The  protected  height  range  is  straightforward  in  all  eases  except 
August  6,  since  on  the  other  days  it  denotes  travel  of  the  bubbles  within 
visible  cloud.  On  August  8,  the  protected  height  range  implicitly  indudea 
the  800  m clear  ascent  from  ground  to  cloud  bass,  snd  the  degree  to  which 
the  bubbles  were  protected  by  neighbors  from  erosion  in  this  range  is  uxi'< 
known. 

With  these  and  other  reservations,  however,  soam  Interesting  sugges- 
tions may  be  drawn  from  the  table.  The  first  is  the  near  equality  of  the 
m-Hf  radius  of  the  bubble  at  emergence  from  cloud  top  and  its  length  of 
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unprotected  rise  therefrota.-  The  buxIjrbb  rcdius  iSj  on  the  average,  about 
20%  larger  than  the  hei  ght  interval  coveired.  during  the  crosio:^  period.  On 
the  other  hand,  the  width  of  the  cloud  body  firon  which  the  bubbles  merge 
soma  to  be  veiy  conparable,  except  in  the  case  of  August  8,  to  the  total 
height  range  covered  by  the  bti>bles,  as  predicted  by  Itudlan  and  Scorer 
(1953). 

Also  of  interest  is  a eonparison  in  each  case  between  the  protected 
and  unprotected  hei^t  ranges.  Except  in  the  cases  of  the  large  ooqpoaite 
bubbles  (of  8 August  and  30  June)  the  good  days  for  convection  sem  to  be 
characterised  by  large  protected  ranges  coaq»red  to  the  unprotected,  while 
poor  days  for  convection,  notably  April  2,  showed  the  reverse.  Good  days 
for  convection  were  aiq>ar8nt<ly  also  indicated  by  large  values  of  the  r«tic 
total  height  range  divided  by  naxinm  radius,  imich  is  given  in  the  fourth 
colxam  frm  the  rl^t.  This  is,  again,  essentially  a neasure  of  how  large 
a fraction  of  its  height  range  a bubble  is  protected  by  neighbors  and  wakes, 
since  we  have  shown  that  once  they  becone  isolated  all  bubbles  ob^  the 
sans  erosion  laws..  It  was  desired  to  detezvLne  idiat  relation,  if  any,  tills 
ratio  bore  to  the  significant  environment  parameters,  wind  shear  and  aols> 
ture  deficiency.  To  make  a rou^  estimate  of  snch  a relation,  these  en- 
vironment paramstiirs  were  mslti^.ed  together  and  their  product  (given  in 
the  right-hand  column  of  the  ttiile)  correlated  with  the  zatio  Bfc/HmT. 

The  csrrslaticn  wcsfficiast  caBS  out  -C.7.  With  this  many  pairs,  random 
zno&ers  would  producu  a correlation  this  high  once  in  one  hundred  times « 
Although  this  simple  correlation  may  or  may  not  be  jAysically  meaninglhl, 
these  data  suggest  a negative  relation  between  protected  height  range  and 
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dsrLroment  shear  azid  dz^ssss,  and  a posltlTe  relation  between  good  ctonilTiB 
btiildlng  and  a high  Talue  of  protected  height  range.  Although  the  remarks 
made  concerning  this  table  are  not  siq>ported  by  sufficient  evidexwse  to  be 
more  than  ^zy  tentatiTOly  put  forward,  the  next  steps  in  cumnlus  work  proba- 
bly must  consider  relations  such  as  these  more  inbensiTely. 

T.  OOHCUmiBQ  FJMIBIS:  COMPARISON  BEXljSS  ?ES  FBBSEHT  RSSOLfS  AND  FBEVIOOS 

VCBK  OH  COmUS  CLOUD  CmiCECS 

The  eritically  time-dependent  nature  of  the  slse  and  -velocity  of  an 
individual  conveetivm  element  has  been  emphasised  in  this  work.  In  fact, 
referring  again  to  equation  (11),  we  see  that  the  -vertical  velocity  « 
obeys  a (-t)^  power  law  throughoxzt  a large  portion  of  the  biR>ble's  life 
syc?^.  Since  G >»••«  been  established  constant,  this  law  will  be  obeyed  very 
aocnrataly  when  the  buoyancy  gB  is  ^ iinstant,  up  until  the  time  near  the  end 
of  the  cycle  when  v becomes  comparable  to  ^ in  magnitude.  Furthermore,  it 
has  been  shown  that  the  life  cycle  of  the  Isolated  biibble,  once  fbrmed,  is 
independent  of  all  envlrozaient  parameters  eoceept  lapae  rate. 

These  results  might  at  first  glance  appear  in  diatlnct  contradietion  to 
the  basic  hypothesis  of  -the  entrainment  model  of  a cumulus  evolved  by  Sbom- 
mel  (19l*7;  1951),  Malkus  (19U9;  1952a,  b;  1953)  and  others,  wiich  treats  a 
elc-ud  as  consisting  of  steacty-  or  quasi- steady  coluamar  updrafts  and  strorrg^y 
aai^siaes  the  effects  of  the  environment  upon  the  doud.  The  apparent 
contradietion  is  only  superficial,  however,  and  the  present  work  may  be 
considered  as  the  next  logical  step  forward  from  -the  entralnaent  model,  since 
it  attempts  -to  describe  the  mechanism  of  the  entralmsnt,  the  interaction 
of  cloud  elements  with  one  another  and  with  the  environamnt,  and  begins  to 


iicbrodace  sobs  time-dependent  features,  at  least  with  respect  to  indi-vldoal 
clcud  turrets.  The  necessity  to  progress  to  a time-dependent  model  has  been 
long  felt  workers  in  this  field  (Malkns,  1952a;  1953)  and  its  comnence- 
Bsnt  herein  dieds  considerable  light  retroacti^dy  upon  the  results  obtained 
by  nee  of  the  steady-state  hypothesis.  Indeed,  the  present  wozk  raises  the 
mcstlon  of  how  was  it  possible  that  the  model  of  entraizaaent  in  a steady- 
state  tfxlraft  collared  so  wery  well  with  the  features  of  obsereed  clouds, 
most  notably  in  the  eases  described  by  Ifalkus  (1953).  The  answer  to  tMa 
question  should  prowids  some  clues  concerning  how  large  clouds  are  built 
iq>. 

It  should  be  recalled  that  most  of  the  testing  of  the  steady-state 
model  has  been  carried  out  in  the  trade-wind  region  idiere  clouds  of  1-1.5 
km  Tortical  extent  hare  been  obserred  remaining  in  apparently  steady  condi- 
tions for  well  orer  one  hour,  scsaetimes  longer.  It  must  also  be  emphasised 
that  during  the  latter  study  only  those  clouds  were  picked  for  measurement 
which  appeared  to  be  in  this  condition  and  data  were  not  used  for  those 
clouds  in  ubleh  this  pzored  not  to  be  the  case.  The  fact  that  so  much 
selsetion  had  to  be  applied  in  obtaining  cases  to  test  the  theory  clearly 
indicated  that  at  any  girsn  Instant  the  clouds  chosen  were  atypical  of 
the  cloud  population,  although  it  was  assumed  that  a large  fraction  of  this 
population  went  through  a quasi-steady  phase  of  their  life  cycle.  Thrther- 
more,  near  the  tops  and  tower  portions  of  these  clouds  the  stea^-state 
model  began  to  gire  less  coasistent  and  satisfactory  results,  although  it 
chocked  excellently  in  the  lowest  two-thirds  of  the  doud  body. 

It  can  now  be  seen  that  in  order  for  the  main  body  of  a cumulus  to  main- 
tain itself  In  a nearly  steady  condition,  i.e.  so  that  a set  of  airplane 
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trav9T8«8  Bade  through  it  at  one  Instfant  could  be  sisdlar  to  {mother  set  1^ 
Blnutes  or  so  later,  bubbles  oust  be  forming  within  and  rising  through  it 
in  fairly  r<^id  succession.  Also  the  izvliyidaal  biibbles  which  aggloaierate 
to  fora  the  large  turrets  must  be  small  compared  to  tha  oiSc  Cf  the  cloud, 
otherwise  the  character  of  the  drafts  as  measuiad  wotild  be  greatly  altered 
by  the  passage  of  one  babble.  Since  the  dbserrad  draft  dlamsters  in  trade- 
blonds  were  about  1 kn  and  the  turrets  from  1-1.5  km  diameter,  they 
could  indeed  be  considered  large  with  respect  to  200-300  a hiA>ble8. 

In  conclusion,  althouf^  one  of  the  alas  of  the  bubble  model  may  eren- 
tusUy  be  the  buUdlng  up  of  such  large,  quaal-steady  deads,  there  are 
maiy  Intenrening  steps  which,  at  least,  are  sow  suggested  by  eomparlsoii  cf 
the  results  of  the  two  approaches.  The  first  of  the  steps  diould  probably 
eoncam  the  process  of  wake  formation  by  a alngle  bubble  and  the  effect 
upon  a succeeding  babble  of  rising  in  this  wake. 
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AppeadiJC  I 

Consideration  of  More  General  Erosion  Lane 


Starting  f«X)m  the  dlffersntisl  equation 


d»  9 o 
— + — w‘  « gB 
dt  iiR 


^ ^ ^ Wa  mm  A ^ A 4 w4  W>^4»  A 

XV  WUXM  UV  OJWVA  wavAjr  WVEVAA  *g».«-XJW-8.iaw***^ 


4^«*«kja^4  #«#  ^4« 


5,  uitbcnt 


— <Hng  an  aaaaaption  eonoeming  the  exact  nature  of  the  erosion  lav  or  the 
conetfuic;'  of  the  bnay^eg^.  This  la  xeaaible  If  we  Introdaee  eqtiiatlon 
(8)  as  a definition^  nanelj 


In  idileh  S aqr  still  depend  tq>on  t,  w,  ^ or  anjr  other  paraneters  and  gB  Mgr 
waxy  in  an  axhltrary  wanner  with  tine.  The  babble's  radios  of  corvatoxe  is 
ellBinated  between  (8)  and  (6)  by  sol-ving  (6)  for  R,  differentiating  with 
respect  to  tine  and  equating  the  expression  for  dH/dt  = E to  -EgB.  Vhen  the 
result  is  solved  for  Q,  the  equation  analogous  to  (11)  is 


3 4- 

- = 


I 

2ww  + 


\l  - v/gfi]^  gB 


gB  (1  » i/gB)  gB  (1 


ww 

- VgB) 


where  each  dot  above  a ^yiidxil  indicates  one  differentiation  with  respect  to 
tiwB.  In  order  wore  rigorously  bo  establish  the  constancy  of  Q it  would  of 
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covurae  be  desirable  to  use  equation  (22)  «ith  the  observed  quantities.  Unfor- 
tunately, the  presently  available  observat^-ons  do  not  perrcLt  adequate  deter- 
mination of  ir,  the  tia»  rate  of  change  of  acceleration  and  generally  B is  even 
BK>re  difficult  to  obtain. 

It  is  possible  now,  however,  to  establish  the  nazdjna:  pe-Tnisslble 
variations  in  B for  use  of  equation  (11)  # this  yuTpsse  equations  (w)  aud 
(8)  miy  be  coafclaed  to  give 


(23) 


where  S has  not  been  totally  eliminated.  First,  large  bubbles  of  about  1 ka 
radius  of  curvature  and  approxLaately  10  aps  ascent  rates  are  considered. 

Under  these  conditions  if  B Ganges  by  1/3  ia  3XX)  seconds,  the  most  unfavor- 
able cosbination  of  w and  w idilch  might  be  ejq>ected  gives  a B tera  idiose  oals- 
aion  prodneea  a 20$  error  in  Q.  Ibr  saaller  bubbles,  the  error  may  be  dwaa 
to  be  considerably  less  for  the  same  variation  in  B and  any  plausible  coBbina- 
tion  of  the  other  parameters.  At  the  present  stage  of  the  woz^,  therefore, 
it  is  quite  adequate  to  use  equation  (11)  provided  that  variations  in  B do 
not  exceed  about  30$  in  100  seconds. 

An  erosion  law  considerably  less  general  than  css  allcwisg  S tc  dspssd 
in  say  manner  on  axy  noaber  of  aibltrazy  parameters  is 


dR^  m 

- 3S  (gB) 

dt 


2n  „2 
w R 


(2U) 
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or 


— = - E (gB)“  (2lui) 

dt 


idiero  E Is  now  assnasd  oonstast  and  ■ and  n are  to  be  detezadnod. 
Sines  V vs  w*j  writs  approocljuitailjr 


dR 

dt 


0 \^/ 


R“ 


(25) 


(e3)“"“  St 


II5 


(26) 


if  t ■ 0 at  R * 0. 

Thns  introdoeing  (26)  into  the  diffsrentlal  equation  (6)  we  have 


af-n 

i«n 


(gB  - w)  gB  (-t) 


1-n 


(27) 


The  left-hand  side  of  (27)  is  a constant.  If  we  choose  a bubble  for  which  B 
is  constant  and  in  the  part  of  its  life  cycle  idiere  w < <.  gB,  then,  the  equa- 
tion 

1 

w^  = constant  . (-t)^  (28) 


will  dstsmins  n. 

Item  tiie  obserfstions  ve  find  that  n = 0 gives  the  beet  fit.  This  nsans 


the  lifyajwassy  la  the  chief  cause  )f  the  erosion,  as  expected.  It  also  Kcans 
that  no  approziatation  is  necessary  in  order  to  obtain  (25)  ftom  (2Ua).  Thus 
(27)  become 


or 


(gB)*  (gB  - w) 


(-t) 


■hi 

"*TT” 

3 _ gB  (1  - VgB)^  X 

= S - = Q * (-t)* 

A 

* W 


(29) 


In  the  eases  of  those  bubbles  idiere  gB  ^ constant  no  eralnation  of  s is  pos- 
sible* The  tso  eases  vhere  gB  raried  indicate  that  ■ » 1 is  satisfactory, 
although  the  test  is  not  at  present  a rigorous  one* 
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Appendix  U 

Aseextt  throu^  Vertical  Vind  Shear 

When  the  babble  ascends  tfaroqgh  a vind  field  H(s)  and  U changes  vith 
height,  the  ba<qr«Bt  eleaent  viU,  in  general,  acquire  a relatlTe  horisontal 
TvloellT',  m.  Iteder  these  conditions  the  rertical.  equation  of  notion  becoaes 

w » , I («®  + »*)  + gB  (30) 

Only  drag  forces  operate  in  the  horisontal,  so  that 

«b  = 7=^  ^ (»'  ♦ -*)  oi> 

yvr  + w“ 

idiere  V|j  is  the  horisontal  relocitjr  of  the  bidible  idien  the  positive  horisontal 
axis  points  in  the  direction  of  IT.  Then  since 

u = - U (32) 


n =»  - vD  - 


^ I (n^  + w‘) 


(33) 


beoanse 


dU 


U =*  vO  * V 


ds 


In  constant  vind  shear  at  the  Uniting  velocity  of  the  bidbble,  ve  have 


(3U) 


and  aiialogoosly  to  oqnatlon  (Ij.) 


so  thst 


(35) 


(36) 


as  bafors. 

This  rasnlt  Is  azbrsaaly  ijq>ortant,  for  If  the  drag  was  proportional  to 
2 _2 

E (w  ■¥  Jtr)  where  n now  differs  from  2,  equation  (3U)  becowes 

K (n©^  + w©^)  3 g2^  + w©^U'^  (37) 


and  (3^)  is  unchanged.  If  we  then  raise  (35)  to  the  power  n,  we  obtain, 
dividii*  it  into  (37) 

X - - (g2s2  + 

2“ 


(38) 


This  weans  that  if  the  drag  is  not  taken  proportional  to  w^,  l.e.  n = 2,  then 
K has  a different  fora  when  u'  0 from  that  when  U'  » 0.  If  it  is  desired 
that  K depend  only  npon  R,  then  R must  change  in  a complicated  manner  idien 
the  bobble  ascends  through  ^ear  and  the  bubble's  shape  could  hardly  remain 
siadlar  to  the  nomal  ease.  The  observations  do  not  Indicate  these  eow{^l> 
cations,  thus  the  square^pover  drag  law  if  farther  affirmed. 

We  may  now  deal  Ibrther  with  equation  (30)  and  by  introducing  (36)  and 
R * -IgBt  obtain  the  analog  of  (11)  , namely 
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3 ^ _ gB  (1  - VgB)^  , 

- = a = , ■ («t)s 

2 


(39) 


'ihioh  l8,  8trletl7  epMklng,  the  eqaatlon  'idilch  sboeld  be  need  idien  babbles 
rise  throsKh  a diesrlag  vind  field.  It  asj  be  seeu,  faoseyer,  thst  ^en 
a M V,  the  deanajimtog  of  (39)  is  onlj  20%  ondereetlw tted . 

fb.9  order  of  ae^iltade  of  u will  now  be  eseerteined.  ¥S  may  estiaste 
it  (33)  when  u 9*6  0.  This  gives 


(n^  + w^)*  K 


(liO) 


w iiSU' 
(n^  + w^)^  9 


(ItOa) 


iiBsr' 


idien  <<  w^ 


(liOb) 


or,  without  the  spprosiastion 


iO£D' 


w 


(la) 


The  order  of  aagnitode  of  n/a  mtj  be  celeulated  roughly  ly  potting 


^ w„  » 2/3 


so  thst 


u 2P  U* 

^ ________ 

“ * 2 
a 3 (gB)’ 


(142) 
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For  ion*  bobblos  stndiod  in  thia  pi^>er  the  highest  y&lae  of  the  wind  shear  was 
5 X 10"3  caT^.  If  R =5  0.5  X 10^  ca  and  =*  8 ca/see*'  ve  have  u“=  0.25  w and 
an  error  in  the  denominator  of  (39)  idilcb  is  less  thantvo  per  cent.  Only  in 
eases  of  babbles  1-2  ka  in  radinS}  in  wind  shears  of  20-30  mpa/)m  or  more  mill 
n w and  then  0 ejH  be  about  20%  too  high  doe  to  this  cause. 
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Titles  for  Illnstratlona 

FLg.  1.  Schematic  dLagram  showing  the  spherical  upper  sarfaw  of  a buoyant 
btfcbla  of  radius  of  currature,  R.  The  coordinates  are  shifted  so  that 
the  bubble  is  at  rest  sad  the  surrounding  fluid  has  an  undisturbed  ts> 
lodty  equal  and  opposite  to  its  rate  of  rise.  The  cxunre  B is  the 
babble's  upper  surface,  0 is  the  stagnation  point,  and  k is  any  point 
at  an  an^e  0 from  the  axis  of  synetxy.  The  rertiical  distanee  between 
A axid  0 is  x;  X*  is  an  extension  of  R so  that  the  angle  between  x'  and 
X is  equal  to  0. 

?lg.  2.  Oomparison  of  the  atoadc  boob  cloud  and  a single  trade  cumulus 
bvbble.  (After  Sutton,  19U7)« 

lig.  3*  Sequence  from  the  time-lapee  film  of  August  lU,  l?pO,  showing  the 
life  history  of  a cloud  formed  over  Nantucket  Island,  U.S.A.  Frames  are 
reproduced  erery  30  seconds.  Time  runs  forward  down  each  oolimui,  begin- 
ning in  the  upper  left  comer.  The  babble  studied  la  indicated  by  the 
lAite  arrow.  Cloud  base  was  at  m and  the  tops  reached  about  2li00  m. 
The  caiiera  was  pointring  nearly  due  east,  at  right  angles  to  the  surface 
wind  wlileh  was  fTcn  the  south  (right),  decreasing  rapidly  rqward.  The 
diametsr  of  the  bubble  was  measured  on  the  fourth  frame  from  the  bottom, 
next-to-ri^t-hand  column.  This  frame  corresponds  to  the  drawing  in 
Fig.  $ and  obserratlon  2,  Table  I. 

Fig.  li*  Main  ourre  shows  the  height  as  a function  of  tine  for  the  bublole 
indicated  in  Fig.  3>  Points  correspond  to  each  frame  on  the  film  (.) 
seconds  apart)  and  tabulations  were  made  esery  fourth  point  (12  seconds 
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apart) . Vertical  T^oclties  vere  obtained  from  a au>othed  cmrrn  of  the 
firet  differences  of  these  heights  and  accelerations  a sauothed 
SUITS  of  the  second  differences.  The  latter  curve  is  stoim  in  the  in- 
set with  the  units  conrerted  to  c.g.s.  The  negatiue  of  the 

aeoeleration,  Av/At»  is  plotted  for  convenience. 

lig.  5.  Tracing  of  the  fraao  fron  the  tine-lapse  ilia  corresponding  to 

obsemticn  2,  Table  I.  This  is  the  fourth  fras»  froa  the  bottoa,  naxt- 
tOHTight-hand  eoluan  of  Fig.  3c  The  diaaeter  of  the  bubble  vas  Mea- 
sured on  thiB  ItamB.  The  heicht  and  distance  scale  uas  obtained  fr^ 
knoaledge  of  cloud  base  height  fron  airplane  seasnreaents  on  this 
cloud  alMultaneous  to  the  fUB. 

Fig.  6.  Otagram  sboalng  Tirtual  toqwrature,  of  bubble  and  en-viron- 
■enty  aa  a function  of  pressure  and  h^^t  on  August  1950*  nie 
virtual  te^wrature  of  the  environKent  is  indicated  I7  the  solid  curve. 
The  nixing  ratios  are  entered  beside  each  point  in  ffa/kgm.  The  solid 
curve  vas  calculated  frca  the  Mantucket  radiosonde,  nade  5 niles  from 
the  doud  one  hour  earlier.  The  dashed  curve  is  the  virtual  temporal 
ture  of  the  bubble,  calculated  in  the  nanner  described  in  the  text. 

fig.  7.  Tracing  fron  the  tine-lapse  llln  nade  firon  St.  Croix,  June  30, 
19$.  The  film  lacked  sufficient  contrast  for  reproduction.  The 
tracing  was  nade  fron  the  frane  correaponding  to  observation  8,  Table 
H,  idien  the  dianeter  of  the  bubble  (Indicated  b^  arrow)  was  neasuxed. 
The  height  and  distaace  scale  was  dsterssined  fron  the  flln  and  sisul- 
taasous  airplane  detexnination  of  cloud  base  height.  The  camera  vas 
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pointed  almost  doe  sonthi  and  the  wixid  blev  froa  the  east  (left 
right) . 

Fig.  6.  Olagraai  shovli^  Tlrtual  temperatures,  of  babble  and  enfiron- 
ment,  June  30,  19$i,  as  a fonctlon  of  pressure  and  height.  Theo^irtaal 
teq»eratare  of  the  environBwnt  is  shovn  hf  the  solid  eurvc>,  ealealated 
fjraai  an  alx^ane  soundipg  together  id.th  the  San  Juan  radiosonde  (at 
high  levels).  ratios  are  indicated  in  gi0cgn  next  to  eadi 

point.  The  Tirtoal  temperature  of  the  butble  is  given  by  the  dashed 

AO  «*4  ea 
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arrovs  on  the  daAied  curve  delinit  the  hei^t  range  in  vhich  the  babble 

vas  studied. 

fig.  9.  Diameter  of  bijbble  as  a function  of  time,  St.  Croix,  June  30,  19$2. 
The  times  correspond  to  those  in  Taible  II  id.th  t * 0 at  the  bubble’s 

dsniss. 

Fig.  10.  Sequence  from  the  Anegada  time-lapse  motion  picture  film,  Menh 
l8,  1953.  Picanes  are  reproduced  every  36  seconds.  Time  runs  forward 
down  each  column,  beginning  in  the  upper  left  comer.  The  tower  con- 
tainl.Eg  the  bubbles  studied  is  denoted  on  each  frame  by  the  single  idiite 
arrow.  The  two  bubbles  used  are  indicated  by  the  two  arrows  In  the  cen- 
ter frame.  This  frame  is  traced  in  ?lg.  11,  at  ^dch  time  the  dieaetera 
of  the  bubbles  were  sriasured.  This  fraiie  corresponds  to  observation  $, 
Table  IH,  and  observation  1,  Table  IV.  The  camera  was  pointed  nearly 
due  nor^,  the  wind  vas  easterly  (from  right  to  left),  with  little 
shear:  Cloud  base  was  determined  by  simultaneous  airplane  observation 
to  be  570  m. 
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Flgj  11.  Tracing  of  the  frame  -fipom  the  time-lapse  flla,  Mai'ch  l8,  1953, 
eorrespondiz^  to  the  central  frame  on  Fig.  10,  observation  5*  Table 
m,  and  observation  1,  Table  IV.  The  diameters  of  the  bchbles  ^;sre 
estimated  ronghlj  fXon  this  f;rane.  The  height  scale  was  obtained 
froa  the  film  using  airplane  observations  of  cloud  location  and  height 
of  cloud  base. 

ng.  12.  Ittagrsm  sbovlsg  virtual  temperatures , of  nubbles  azid  Suviron- 
msnt,  Karch  18,  1953,  as  a function  of  pressure  and  hei^^t.  The  en> 
virozBBiat  virtool  tsaperature  (solid  curvs)  was  csl^ulsted  from  an  air- 
plane  sounding  made  in  the  clear  near  the  clouds  stutiied,  simnltane- 
0USI7  to  the  photognphs.  Mixing  ratios  are  given  in  gm/k^a  next  to 
each  point.  The  virtual  temperatures  of  the  bubbles  (dashed  curve) 
mere  calculated  in  the  manner  described  in  the  text. 

Tig.  13.  Sequence  from  the  time-lapse  film  made  from  Anegada,  April  2, 
1953.  The  bubble  studied  is  indicated  by  the  white  arrow.  Framse  are 
reprodoBed  every  36  seconds.  Time  runs  forward  down  each  column  be- 
ginning in  the  upper  left  comer.  The  bcttom  frame  in  the  left-hand 
column  is  traced  in  Fig.  lU  and  corresponds  to  observation  8,  Table  V. 
Cloud  base  was  determined  by  airplane  measurements  to  be  at  590  m. 

The  camera  was  pointed  almost  due  north  and  the  wind  is  easterly  (right 
to  left). 

Fig.  IJ4.  Tracing  of  the  frame  from  the  time-lapse  film,  April  2,  1953,  on 
which  the  diameter  of  the  bubble  was  measured.  This  frame  is  the  bot- 
tom left-hand  frame  of  Fig.  13  and  corresponds  to  observation  8,  T^le 
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7.  The  height  and  distance  scs.le  was  detenaine<i  from  the  film  together 
with  airplane  detersinatlon  of  cloud  base  heig!n.t. 


Pig.  :l$.  diagram  showing  virtaai  usaparaturea,  of  bubble  end  eoyiron- 
mimt  on  April  2,  19$3t  ^ ^ fonction  of  pressure  aoi  hel^t.  The  vir- 
tual teq>ersctiure  of  the  environment  is  indicated  by  the  solid  carve  and 
was  obtained  from  an  airplane  sounding  made  in  the  clear  air  near  the 
elords  simaltaneonsly  with  the  photographs.  Mixing  ratios  in  gw/kgm 
are  indicated  next  to  each  point.  The  virtual  temperature  of  the  bubble 
is  shown  bj  the  dotted  curve,  i&lch  was  calculated  as  described  in  the 
text.  The  helc^t  range  of  the  bobble  covered  by  the  calculations  is  in> 
dicated  by  the  two  solid  horir<ontal  lines  crossing  the  dotted  curve. 


lig*  16.  Sequence  Itxm  the  time-lapse  film  of  August  8,  19^,  showing  the 
bubbles  formsd  over  Santucket  laLand,  U.SJL.  nrames  are  reproduced 
everr  30  seconds.  Time  mns  forward  down  each  ooliam,  beginning  in  the 
iq>per  left  comer.  Bubble  ii  is  indicated  b7  the  first  white  arrow,  com- 
rnendug  in  the  third- from-bottom  frame,  column  1.  Bobble  9 is  indicated 
by  the  arrow  containing  a six^le  black  band.  Bubble  7 is  denoted  by 
the  next  white  arrow,  while  bubble  8 is  indicated  by  the  arrow  with  the 
two  black  bands.  Bubble  9 is  indicated  by  the  sorrow  contal  ntng  blac?c 
dashes,  diile  babble  10  is  marked  by  the  arrow  containing  black  dota. 


noting  it  first  appears  (observation  2,  Table  Vl).  Bubble  $'s  diame- 
ter VA8  obtained  from  the  top  frame,  middle  column  (observation  2, 
Table  VII);  tho  dLamater  of  bubble  8 was  determined  fron  the  nexb-to- 
bottom  trtmm,  middle  column  (observation  Table  U);  the  diameter 
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of  bobble  9 obtained  frcm  the  next- to- top  tram,  l&st  colwn  (obser- 
Tation  )i,  Table  X)  and  the  dianeter  of  bubble  10  .fiTom  the  next  frame 
below  (observation  .I'eole  Xl).  Cloud  base  height  was  determined  to 
be  80G  » from  airplane  observations  sLmoLtaneous  to  the  photographj.. 

The  eaieera  was  pointed  nearly  dne  east  and  the  wind  was  frtm  the  north 
(left  to  right)  with  moderate  positive  shear. 

n/{.  n . 

a.  Tracing  from  the  time-lapse  fUm  Augost  8^  19^,  showing  bobble 
h at  the  time  its  diameter  was  measured  (first  idiite  arrow.  Fig.  l6) 
corresponding  to  observation  2,  Table  YI.  The  height  and  distance 
scale  was  detexmixisd  by  film  and  airplane  measurea»nb  of  dood  base 
height. 

b.  Tracing  from  time-lapse  film,  August  8,  19$0,  corresponding  to 
top  frame,  column  2,  Fig.  l6.  at  ^1_ch  diameter  of  bthble  S was  mea- 
sured (observation  2,  Table  VH).  Also  appearing  <m  Ihls  frame  are 
babble  1|  in  its  last  stagss,  and  the  craqposite  bubble  (see  Table  HIl). 
Tuis  is  not  the  frame  at  irtiieh  the  diameter  of  the  co^>o8lte  buoble 
was  we&sured. 

c.  Tracing  from  tias-lapse  fils,  August  8,  19^,  eorreaponding  to  the 
second-from-bottom  frame.  Fig.  16,  at  which  the  diasaeter  of  bubble  8 was 
measured  (observation  3,  Table  II).  Also  appearing  is  the  composite 
bobble,  whose  diameter  has  Sh2rnnk  to  200  m at  this  stage. 

d.  Tracing  from  the  time-lmpee  film  August  8,  19^0,  corresponding  to 
the  eeoond-from-top  frame,  column  2,  Fig.  16  at  which  the  dLameter  of 
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bvibble  y was  measured  (cbseirratlon  U>  Table  Z).  Also  appeariog  is 
bxdbble  10,  whose  diaaieter  is  given  here  corresponding  to  observa- 
tion 3i  Table  ZI,  although  the  actual  nessoiment  was  Bade  slightly 
l&tsr. 

fig*  18.  Eiagram  abowing  vix'bual  tei^>eratuxe8,  T^,  of  bobbles  and  environ- 
• awst,  August  8,  19$0,  as  a fonction  of  pressure  and  height.  The  en- 
viroTwwwit  virtual  tenqierature  is  given  bf  the  left-hand  solid  curve, 
wfaieh  was  calculated  fron  the  Itantucket  radiosonde  observation  wade 
near  the  tine  of  the  photograpus  and  within  8 wiles  of  the  clouds. 

The  nixii^  ratios  are  given  in  go/kgn  beside  each  point.  The  virtual 
tesperature  curve  for  bubble  h is  given  bf  the  left-hand  dashed  curve, 
the  height  range  studied  being  indicated  by  solid  horizontal  lines. 

The  virtual  tesperatures  for  bid)ble8  7,  and  8 are  given  by  the 
ri|^t-hand  solid  curve.  The  height  range  for  bdbble  5 is  indicated  by 
the  arrows  and  for  bobbles  7 and  8 by  the  soliu  line&  with  bars  at  ea^ 
end.  The  virtual.  t«iq>erattires  for  bubbles  9 axid  10  are  given  by  the 
right-hand  dashed  curve  and  the  liadts  of  study  ^re  denoted  by  solid 
horizontal  lines  with  x's  at  each  end.  The  bubble  virtual  terperatures 
ware  calculated  in  the  manxMr  described  in  the  text.  The  bubbles  each 
followed  a dry  adiabat  xp  to  cloud  base  and  a moist  adlabat  fkew  thence 
upward.  Although  the  warmest  bubbles  (9  and  10)  had  a surface  virtual 
teaperaturo  nearly  5*^0  in  excess  of  the  valtie  from  the  radiosonde, 
study  of  the  hourly  sequences  at  Hantucket  airport  revealed  a uaxiitaa 
temperature  (actual)  within  0.2*’c  of  the  actual  tenperature  required 
bf  these  bubbles. 
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Fig.  19.  Schss£tls  disgrau  of  an  l&olated  babble,  drann  to  resemble  the 
babbles  studied  b/  Da^es  and  Taylor  (1950).  The  biibble  has  a spheri- 
cal cap,  a flat  bat  very  irregular  lower  surface,  and  a tuxbolent  wake 
behind  it*  The  radius  of  currature  of  the  spherJxal  cap  is  denoted  by 
R,  and  the  diaaeter  of  the  spherical  cap  by  B.  They  are  related  by  the 
eqoaticn  sin  9^  » l/2R,  idiere  is  one-half  the  total  angalar  s^rtore 
of  the  babble  cap.  Tha  awerafre  babble  studied  was  fbund  to  have  a 
diameter  15  ^ 1*0  E,  or  an  angular  apezture  of  at  the  lower  limit 
of  the  range  of  air  babbles  in  liquid  studied  by  Caries  and  T^rlor 
(1950). 

ng.  20*  The  heif^t-tine  curve  for  bubbles  6,  and  7»  August  8,  1950  and 
for  the  cooposite  btbble  formed  by  these  individuals.  The  curve  for 
the  composite  bubble  was  drawn  using  the  points  on  this  figure  and  was 
cheeked  on  the  film  by  tracking  the  smoothed  iq>per  outline  of  the  large 
tower  dominating  colman  2,  Fig.  16,  idilch  was  in  face  the  conpoelte 
babble. 


